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Abstract 
Mit ten crabs of the genus Eriocheir are members of the family Graps idae found in 
east Asia. The t axonomy of the genus has been problematic. Four species of Eriocheir, 
namely E. japomca (type species), E. sinensis. E. rccla and E. leptognalhus were 
previously recognized. However , the latest t axonomic revision suggested that the genus 
Eriocheir should contain only three species, E. japomca, E. sinensis and E. hepuensis. E. 
lepfognathm was referred to the monolypic genus Neoeriocheir. The new species E. 
forinosa is referred to a genus named Plafyeriocheir. 
The aim of the present study is to elucidate the phylogenet ic relat ionship of the 
mit ten crab species using a molecular approach in order to resolve whether the proposed 
t axonomic scheme is a natural one. The genes used for the analysis are partial nucleot ide 
sequence of the mitochondrial genes coding for the large subunil (16S) r ibosomal R N A 
and cy tochrome c oxidase I (COl) gene, and the comple te sequence of the first internal 
t ranscribe spacer ( ITS-�）of nuclear r ibosomal D N A . 
Relatively small nucleot ide divergences were observed a m o n g E. japomca, E. 
sinensis and E. hepuensis. Genet ic divergence of 0 to 0 .23% for about 457 base pairs of 
tlie 16S r ibosomal R N A gene, 4 .90 to 5 .26% for 558 base pairs o f C O I gene, and 0.23 to 
1.3% for about 313 base pairs of ITS-1 gene were observed. The results suggest that 
these three species are closely related to each other. Besides all the trees obtained f rom 
dif ferent analyses us ing the three genes show that E. sinensis and E. hepuensis are more 
closely related and E. japomca is their sister taxon. The divergences be tween the other 
• 
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two species and the above three were 8.53 to 8 .94% for 16S r R N A gene，13.70 to 17.330/0 
for COI gene, and 4.71 to 9 .15% for ITS-l gene. The results indicate that E. formosa and 
I叩fognathm are distinct f rom the other three species and E. Jepiognatlms is the most 
distantly related species. Af ter compar ing the sequences Eriocheir with those f rom a 
number of species in the same family Graspidae, the five species of Eriocheir were 
considered to compr ise a monophyle t ic group. The divergences among these five species 
of Eriocheir are within the range of other congeneric species of crustaceans. Thus, it is 
appropriate to group these f ive species in a single genus, Eriocheir. 
The genetic d ivergence among populat ions of the most commercia l ly important 
species, E. sinensis was also studied using the COI gene. However , compar ison of COI 
gene sequences fails to reveal the genetic relat ionship among populat ions along the 
Chinese coast. By compar ing the COI sequences of spec imens f rom three Chinese 
populat ions and three introduced populat ions f rom Europe and North Amer ica , the origin 
o f t w o introduced populat ions could be identified. The results show that one haplotype 
was shared be tween populat ions of Changj iang, Belgium and Thames River, indicating 
that the two European populat ions are introduced f rom Changj iang. Some individuals in 
Thames River exhibit a halotype not found in the native populat ion. The haplotype was 
found in individuals f rom San Francisco Bay. Thus the origin of these introduced 
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Milten crabs of the genus Eriocheir are members of the family Grapsidae found in 
east Asia. The Chinese mit ten crab, E. sinensis, is the largest and most commercia l ly 
important species. For much of their life mit ten crabs inhabit f resh water and are 
somet imes found in the upper courses of rivers. They are not totally indepenent of the sea, 
however , and mus t return there to breed. They support a large fishery with an annual 
catch of more than 10 000 tonnes. They are exported together with cultured mitten crabs 
to Southeast Asia as a high-price commodi ty . 
Despi te the commerc ia l importance of the E. sinensis, the taxonomy of the genus has 
been problemat ic in the recent decade. In their treatise on crabs of the China seas, Dai and 
Yang (1991) listed 4 species o^ Eriocheir, namely E. japonica (type species), E. sinensis, 
E. recta and E. leptognalJnis. However , the populat ions of E. japonica in northern and 
southern China were found to be morphological ly distinct (Dai, 1991). The latter fo rm 
lias been described as a subspecies, namely E. japonica hepuensis. Al though this later 
taxon is possibly the most problemat ic taxon in the genus, the t axonomic problem of 
Eriocheir ex tends to the other species. Based on morphological analysis, E. recta was 
shown to be a jun io r synonym of E. Japonica and the endemic mit ten crabs in Ta iwan was 
described as a n e w species, namely E. formosa (Chan et al., 1995). 
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Guo et al. (1997) revised the genus and argued that E. j叩(mica Iiepuemis is a good 
species. According to this analysis, the genus Eriocheir contains only three species, E. 
japonica, E. sinensis and E. hepuemis. The designation of E. leplognatlms as 
Neoeriocheir leplognalhiis by Sakai (1983) was supported by Ng et al. (1999). E. fonnosa 
was also referred to its own genus and the species name is Platyeriocheir fonnosa (Ng el 
al., 1999). 
It is still too early to decide whether this revision will be widely accepted by other 
taxonomists . Mos t of the phylogenetic studies of Eriocheir were based on morphological 
and morphomet r i c analysis. Molecular data are independent f rom the environmental 
factors and can dist inguish homology from analogy (Avise, 1994). Thus molecular data 
can act as addit ional information in phylogenetic reconstruction (Avise, 1994； Hillis et 
al., 1996). It is widely understood that morphological and molecular characters evolve 
different ly, and phylogenet ic reconstruct ions based on the morphological and molecular 
data may not congruent to each other (Huelseiibeck et al., 1996). They both have distinct 
advantages and disadvantages in phylogenet ic analysis. In general, s tudies that 
incorporate both molecular and morphological data will provide much better 
interpretat ions of the phylogeny (Hillis et al., 1996). 
Molecular sequence analysis is an evolving field important to phylogenet ic 
reconstruct ion (Lake and Moore , 1998). A m o n g the molecular markers used in 
phylogenet ic reconstruct ion, nuclear r ibosomal D N A and mitochondrial D N A ( m t D N A ) 
play an important role. The complexi ty of the nuclear r ibosome genome provides a 
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number of genes that are useful for phylogenetic reconstruction. In general, the r ibosomal 
genes are more conserved than the transcribed spacers regions, which, in turn, are more 
conserved than the non-transcribed region (Hillis et al., 1996). Mitochondrial D N A is a 
small , closed-circular and maternally inherited genome. There is no recombinat ion 
between m t D N A molecules (Harrison, 1989). Based on their study on m t D N A evolut ion 
in pr imates , Brown et al. (1979) suggested that m t D N A evolve rapidly. The evolut ionary 
rate of m t D N A was found to be about f ive to ten l imes faster than single-copy nuclear 
ONA. 
Studies on phylogenetic relat ionships of crustaceans based on D N A analysis have 
been reported in lobsters (Tarn and Kornfield, 1998), penaeid shr imp (Baldwin el al., 
1998; l o n g et al., 2000) , and crabs (Spears el al., 1992; Tam el al., 1996; Keenan et al., 
1998; Harr ison and Crespi，1999a). Phylogenetic study of Eriocheir using molecular data 
IS rare and only restricted to a study that reveal the laxonomic confus ion of £ japonica 
and E. sinensis based on al lozyme study (Li et al., 1993). Intraspecific variat ion and 
genetic structure has been studied in E. japonica and E. sinensis by using R A P D (Chui , 
1999)，isozyme (Gao and Watanabe, 1998) and m t D N A (Gao et al., 2000). 
The a ims of the present study are two folds: 1) to elucidate the phylogenet ic 
relat ionships of all taxa of mitten crabs by using molecular approach, and 2) to study the 
P a l l i a t i o n genet ics of E. sinensis. In the first part of this study, segments of two 
mitochondria l genes (16S r R N A and cytochrome c oxidase I) and the comple te sequence 
of the first internal transcribed spacer f rom the nuclear r ibosomal genome were obtained 
3 
from all five species of Eriocheir semn lalo. The results are compared to the recent 
t axonomic classif icat ion in the genus. In the second part, the genetic relat ionship among 
three nat ive and three introduced populat ions of E. sinensis were studied based on 
mitochondrial cy tochrome c oxidase I gene sequences. The results will be used to 
investigate the genetic variation between Chinese populat ions, genetic variation between 




2.1 Introduction to phylogeiietic biology 
2.1.1 Definition of phylogenetics 
Phylogenetics, or, phylogeiietic biology, can be defined as the study of evolutionary 
history of organisms, and of its relationships to the process of evolution (Maddison, 
1996). Molecular phylogenetics is then the study of phylogeny based on genetic 
information generated through molecular approach. In describing organismal 
relationships, the approaches previously available have rested on the data of comparative 
morphology, physiology, and other assayable phenolypic features (Avise, 1994). 
Molecular phylogenetics also employs the comparative method, but the comparisons 
involve direct or indirect information on nucleic acid and protein sequences. 
2 . 1 W h y employ molecular genetic markers in phylogenetics? 
Morphological characters evolve through time, so that more closely related taxa are, 
m general, morphologically more similar than distantly related taxa (Harvey et al., 1996). 
On the other hand, those distantly related taxa can converge phenotypically due to 
adaptation to similar living environment. 
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Phylogeny is the stream of heredity; only genetically transmitted traits are informative 
to phylogeny estimation (Avise, 1994). Regarding the genetic basis, molecular characters 
are in contrast to the uncertainly of most conventional characters such as morphological, 
physiological, or behavioral traits employed in organismal phylogenetics. Certain traits 
conventionally utilized in taxonomy may be influenced by nongenelic factors. 
The rapid development of molecular techniques facilitates the detailed study of 
specific genes at the molecular level (Ariiheim et al.’ 1980). These powerful techniques 
have also led to major understanding in population biology and organismal evolution. It is 
d e a r that the diversity of molecular techniques available to syslematisls is considerable 
and the problems thai can be addressed with these techniques span an enormous range, 
from relationships among genes within populations lo the phylogeny of life (Hillis el al., 
1996). 
Moreover, genetic methods can be used to resolve taxonomy based on 
morphological traits because breeding relationships and the absence of gene f low, 
indicating species level differences, can be quantified (Keenan et a l , 1998). Conclusions 
about breeding structure, based on the sharing or non-sharing of alleles, are more 
definitive than those based on morphology. Such conclusions can be used to derive 
morphological information, based on the known biological species, to enable visual 
identificalion of the different genetically defined morphs. 
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2.2 DNA analysis and the contributions to phylo^cnctics 
Choosing an appropriate molecular technique for addressing a given problem, and 
selecting a method of analysis are equally critical in the molecular phylogeny 
reconstruction (Hillis et al., 1996). Among the genetic markers, DNA, particularly 
mitochondrial DNA (mtDNA) and nuclear ribosomal DNA (rDNA), play a key role in the 
studies of animal phylogenetics and evolution, although some other markers may also be 
useful. 
2.2.1 Nuclear ribosomal DNA 
Three eiikaryotic nuclear ribosomal RNA genes are organized in a cluster that 
includes a small subunit gene (16S to 18S), a large subunit gene (26S lo 28S), and the 
5.8S gene. In addition, two internal transcribed spacers (ITS-l and ITS-2) lie between 
these genes and there is an external transcribed spacer (ETS) at the 5' end of the 
transcribed RNA. These six components make up the basic cluster. They are repeated in a 
tandem array in the eiikaryotic genome up to hundreds or thousands of limes. Between 
each cluster in the array is a non-transcribed spacer (NTS) that serves to separate 
individual repeats from one another on the chromosome (Figure 2.1) (Hillis el al, 1996). 
Ribosomal DNA (rDNA) provides a powerful phylogenetic indicator. For example, 
the universal, conservative small subunit 18S rRNA has proven to be useful in 
phylogenetic analysis at higher taxonomic levels. Kim and Abele (1990) commented on 
7 
� l T S - 1 I T S - 2 
Figure 2.1 Gene arrangement of the nuclear ribosomal DNA array. A small subunit gene 
(18S)，a large subunit gene (28S) and the 5.8S gene are organized in a cluster. Two 
internal transcribed spacers (ITS-l and 1X8-2) lie between these genes. There is an 
external transcribed spacer (ETS) at the 5’ end of the transcribed RNA and a non-
transcdbed spacer (NTS) present between each cluster in the array to separate individual 
repeats. 
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the molecule that there is sufficient phylogenetic informative variation to al low rigorous 
analysis between 9 species of decapod crustaceans. The internal transcribed spacer (ITS) 
regions of the r ibosomal R N A gene array may prove more useful as a rapidly evolving 
n i idea r gene target for fine scale comparisons. Medina et al. (1999) stated that the ITS 
regions have fewer funct ional constraints than the ribosomal genes which a l low higher 
evolution rate in the regions. This feature makes ITS regions a useful marker for lower-
level t axonomic compar isons , al though complicat ions can arise if there is extensive 
variation among copies within individuals (Hillis et a l , 1996; Harris and Crandall , 2000). 
Molecular phylogenet ic studies using ITS-1 mainly focus on plants (e.g. Bayer et al., 
1996; Bunt ing et al., 1996; Liston et al., 1996). However , phylogenetic studies on animals 
using ITS-1 accumulate steadily on Protozoa (Uoek et al.’ 1998), Cnidaria (Beauchamp 
and Powers , 1996), Platyhelminthes (Monti et al., 1998; Carranza et al., 1999), Nema toda 
(Zarlenga et al., 1998), Insecta (e.g. Baiir et al., 1996; Juan et al., 1996; Mil ler el al., 1996; 
Vane et al., 1999), and vertebrates (e.g. Zhuo et al., 1994; Boolon et al., 1999). There 
have been some studies using ITS-1 on marine invertebrates. For example , Capora le et al. 
(199.7) using ITS-1 examined the populat ion structure of Mya arenaria a long the N e w 
England coastl ine, in order to determine whether populat ions were genetically 
heterogeneous. The results revealed no significant heterogeneity among the populat ions. 
Hedgecock et al. (1999) sampled small , deep-cupped oysters {Crassostrea sp.) f rom the 
Ar iake Sea, Japan and typed these for ITS-1 D N A markers previously shown to be 
diagnost ic for the three most c o m m o n oysters in this area, Crassostrea gigas, C. sikamea 
and C. ariakensis. Of the 256 oysters sampled, 181 (71%) were C. gigas�53 (21 %) were 
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C. sikaniea, and 22 (9%) were (\ aria kens is; no interspecific hybrids were observed. 
These results emphas ize the value of molecular markers for identification on the 
morphological ly plastic species both in the field and in aquacullure. 
2.2.2 Animal mitochondrial D N A ( m t D N A ) 
In the past decade, m t D N A analysis has become established as a powerfu l tool for 
evolut ionary studies of animals (Mori lz et al., 1987). It has used to provide insights into 
populat ion structure and gene flow, hybridization, biogeography, and phylogenelic 
relationships. Majo r advances have been made in the understanding of the molecular 
biology of animal m t D N A . 
The structure and genetic basis of variation in metazoan m t D N A is probably better 
unders tood than that of any comparably sized region of the nuclear genome. With f ew 
except ions, animal m t D N A is a closed circular molecule, typically 15-20 ki lobases (kb) 
in length (Avise, 1994), and composed of typically 37 genes coding for 22 i R N A s , 2 
r R N A s (12S and 16S)，2 ATPase (ATP6 and ATP8) , 3 cytochrome oxidases (COI, II and 
III), cy tochrome b, 7 N A D H s ( N D l , 2, 3, 4, 4L, 5, 6), and a control region which initiates 
replicat ion and transcription. M t D N A genome is exceptionally compact with few 
intergenic sequences , no introns and except in the control region, few examples of large 
insert ion or duplicat ion (Wols tenholme, 1992). 
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The popularity of this molecule derives, in part, from the relative ease with which 
clearly homologous sequences can be isolated and comparisons could be made among a 
wide variety of organisms. Simple sequence organization lacking complicating features 
such as repetitive DNA, transposable elements, pseudogenes, introns, and the absence of 
recombination makes mtDNA an ideal marker for tracing maternal genealogies. Rapid 
rate of sequence divergence allows discrimination of recently diverged lineages as the 
new character states commonly arise within the life span of a species (Harrison, 1989; 
A vise, 1994). The data obtainable from mtDNA may be especially well suited for studies 
of population genetic structure, dispersal, and historical zoogeography (Avise, 1986). 
2.3 Molecular phylogeny of crustaceans 
Compared to studies in vertebrates, phylogenetic studies using molecular techniques 
in crustaceans are limited. Of those reports, DNA sequence is among the most important 
tools applied to examine genetic diversity and to elucidate phylogeny of crustaceans. 
2.3.1 Phylogenetic studies of crustaceans using nuclear rRNA 
Among the nuclear ribosmal RNA genes in crustaceans, 18S rRNA is commonly 
used to address problems at higher taxonomic levels (e.g., Abele, 1991; Abele et al., 
1992). Kim and Abele (1990) commented that 18S rRNA is a useful molecule for 
phylogenetic analysis because it is of a size thai yields sufficient phylogenetic informative 
data for analysis. Moreover, it is functionally constant and relatively simple to sequence. 
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Spears et a丨.(1992) stated that the reasons for selecting 18S rRNA as an evolutionary 
marker are its ubiquity and homology in all cell types and its structural constancy. The 
result obtained by Kim and Abele (1990) in nine species of decapod crustaceans showed 
that the sequence data from the 18S rRNA have been effective in resolving relationships 
among crustacean taxa at the infraordor level. The results they obtained support the 
conclusion based on morphological and embryological data that there are two suborders 
within the decapods: Dendrobranchiata and Pleocyemata. 
Molecular data can be used to resolve the confusion in taxonomy which has arisen 
from morphological traits. Spears et al. (1992) conducted a study using 18S rRNA 
molecule to examine certain questions of brachyiiran phylogeny and compared 
relationships revealed by molecular data with those inferred from previous morphological 
studies on adults, larvae, and spermatozoa. The result showed that Raninidae is a member 
of Brachyura that diverged early from the main brachyiiran lineage, which is consistent 
with the result obtained from fossil records. However, on the issue whether dromiid crabs 
(Dromiidae) should be removed from Brachyura, molecular data contradict the phylogeny 
based on some morphological trails that placed dromiid crabs among the true crabs. Yet 
the molecular data are consistent with the findings based on spermalozoan ultraslruclure 
and comparative larval morphology that dromiid crabs should be removed from 
Brachyura. 
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Somet imes , molecular data may be in conflict with 励 i p h o l o g i c a l data. Spears et al. 
(1994) studied the phylogeny on the crustacean laxa Ascothoracida, Acrothoracica, 
Rhizocephala , and Ihoracica using 18S r R N A sequences. The result has some 
disagreements with the morphology-based phylogeny. Morphological data indicate that 
members of Cirripedia (Thoracica, Acrothoracica and Rhizocephala) share a number of 
unusual larval and other morphological features, strongly suggesting that the three groups 
shared a c o m m o n origin. Molecular analysis suggests that there is an early origin and 
divergence of the Ascothoracida from the main cirripede lineage. Spears and Abele (1999) 
conducted a molecular analysis using 18S r R N A sequences to examine the relat ionships 
among the Cephalocarida, Branchiopoda, Phyllocarida, and Malacoslraca. The quest ion 
regarding whether Phyl lopoda is monophylet ic compris ing Branchipoda, Cephalocarida, 
and Phyllocarida cannot be resolved based on morphological analysis. The results show 
that there is no support for the concept of a monophylet ic Phyllopoda. 7 he molecular data 
also suggest that conchostracan (Branchiopoda) is not the ancestor of phyllocarids. 
Actually, branchipods and phyllocarids were shown to have little phylogenet ic affinity. 
So far, there are only two phylogenetic studies using ITS-] on Crustacea. Murphy 
and Goggin (2000) conducted a phylogenet ic analysis on the genus Saccidum using ITS-l 
sequences. The results show a high divergence rate of ITS-l r R N A sequence between 
species ofSaccidina (over 50%), indicating that ITS-l was a valuable diagnostic tool for 
this genus. Harris and Crandall (2000) conducted a phylogenetic study on crayf ishes 
using ITS- l and ITS-2 genes. They commented that the ITS- l sequences are not 
informat ive in populat ion level as other markers such as mt 16S r D N A are. However , al 
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the species level, ITS- l sequences are partially informative. They obtained 1.7 to 3% 
sequence divergence among seven Orcomctes species. 
2.3.2 Populat ion genetic and phylogenetic studies of crustaceans using m t D N A 
Molecular techniques using m t D N A are more useful than allozyine analysis in 
examining genetic diversity. Garcia el al. (1994) conducted a genetic diversity study on 
the cultured shr imp Pemeus vcwncmiei using three molecular genetic techniques: 
restriction f ragment length polymorphism (RFLP) of m l D N A , random amplif icat ion of 
polymorphic D N A (RAPD) , and a l lozyme variability. The aim was to choose the 
appropriate technique for examinat ion on genetic diversity in order to fol low stocks 
within a breeding program. Variability was found between the populat ions and famil ies 
based on the R F L P results. R A P D technique revealed a high level of genetic variation; 39 
to 77% of the bands are polymorphic among all animals examined. Low levels of 
a l lozyme po lymorphisms were obtained, which led to the conclusion that a l lozyme data, 
compared with the other two techniques, do not provide enough variation to plan a 
breeding program based on genetic variation. 
Mitochondr ia l D N A is of ten used to detect genetic variation and populat ion structure. 
The results help to design fishery management measures such as selection of founder 
stock in breeding program. Kl inbunga et al. (1999) studied the m t D N A diversity by using 
R F L P in three populat ions (Saliin, Sural and Trat in Thai land) of the giant tiger shrimp， 
P 酬 循 誦 o — . The results provided evidence to support the separation of the three 
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populat ions into two differenl slocks, Andaman Sea (Salun) and G u l f � o f ' � h a i l a i i c i (Surat 
and Trat) stocks. The Salun and Trat populat ions were selected lo be the founder slocks in 
the selective breeding program due to their high genetic diversity level. Mitochondrial 
D N A can be used to reveal geographical distribution. For example , Goppurenko et al. 
(1999) conducted a populat ion genetic study on the mud crab Scylla serrala using 
temperature gradient gel electrophoresis and sequencing of m l D N A gene (cytochrome c 
oxidase I). There are 18 distinct haplotypes that are separated into two clades by about 
2 % sequence divergence. One clade (Clade 1) is widespread throughout the Indo-Wesl 
Pacif ic and the other (Clade 2) is strictly confined lo norlheni Australia. All l ineages f rom 
Indian and Pacif ic localities are nested within Clade 1 and are derived f rom a single 
c o m m o n ancestor lhat is currently widespread in the West Pacific. The relatively large 
genetic divergences between two clades may indicate the formation of a new species of 
Scylla. Schubart et al. (2000) conducted a molecular biogeographic study of the marsh 
crab Sesarmci reticulatum using mitochondrial 16S rDNA. The result conf i rmed 
dist inct ions based on al lozymes, color and physiology in previous studies that populat ions 
in the Gul f of Mex ico are distinct f rom populat ions of the Atlantic. 
Morphologica l similarity can mask large genetic differences . Molecular method 
can help to reveal the genetic relat ionship of morphological ly similar species. For 
example , Pali imbi and Benzie (1991) used sequences of m t D N A (12S and COI gene) 
f r agment s ampl i f ied with the polymerase chain reaction to examine genetic d i f fe rences 
be tween species of penaeid shrimp. The data show high genetic d i f fe rences a m o n g 
species that share high similarity in morphology and ecology. Di f fe rences at silent sites 
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between subgenera of shr imp are larger than that between families of mammals . Between 
genera, penaeid shr imp are more divergent than some orders of mammals . Because 
taxonomic di f ferences are defined on morphological grounds, these results imply that the 
rates of molecular versus morphological evolution in shr imp are different than in 
mammals . Perhaps m t D N A evolution is accelerated in shrimp, or perhaps stabilizing 
selection over a long t ime period has reduced rales of morphological change. Baldwin et 
al. (1998) conducted a molecular phylogenetic study on 13 species of Peimeus using the 
COI gene. The results showed high sequence divergences between species (8-24%) that 
support and extend the findings o rPa lun ib i and Benzie (丨 991). Notably, while nucleot ide 
divergences were high, amino acid divergence was low (1 -7%). The result can account for 
the depressed levels of heterozygosity observed in a l lozyme surveys (e.g. Nelson and 
Medgecock, 1980; Tam and Chu, 1993). Similar lo the f indings of Paliimbi and Benzie 
(1991), large D N A sequence divergence between species may be masked at the level of 
amino acid sequence divergence. Studies using mitochondrial 16S r R N A and COI gene to 
reveal genetic divergences between species (e.g. Tarn el al., 1996; Baldwin et al., 1998; 
Harr ison and Crespi , 1999a; Tong et al., 2000) show that the nucleot ide divergences 
a m o n g congener ic species of crustaceans range f rom 3.3 lo 24 .9% in COI gene and 2.4 to 
22 .3% in 16S r R N A gene. A relatively low divergence of 16S r R N A gene (0 .88%) was 
observed be tween two species of Homarus ( Fam and Kornfie ld , 1998). The nucleot ide 
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Mitochondrial D N A is often used to elucidate phylogeny. For example , Cunningham 
et al. (1992) carried out an evolutionary study on king crabs, Paralilhodes ccwUschalica, 
using mitochondrial 16S r R N A gene. A strongly supported phylogeny placed two 
Alaskan genera of the king crabs within the hermit crab genus Pagurm. This molecular 
phylogeny agreed with the conclusions based on morphological taxonomy, particularly 
larval morphology. Moreover , the molecular phylogeny supports the morphological 
conclus ions for the sister group relationships of the morphological ly similar species. 
Tong et al. (2000) studied the phylogenetic relat ionship among seven Metapemieopsis 
shr imp species based on partial sequences of nit 16S r R N A and COI genes. The results 
provide evidence to support the proposal that among different body characters (e.g., 
presence or absence of a stridiilating organ and spines on the antennular peduncle) , the 
shape of the genitalia, particularly the petasma of males, is phylogenetical ly highly 
s ignif icant in the evolut ion of Metapemieopsis. 
However , molecular phylogeny does not always s叩por t current taxonomic 
classif icat ion in crustaceans. Tam and Kornfield (1998) studied the phylogenet ic 
relat ionships among five genera of clawed lobsters (family Nephropidae) using 
approximate ly 350 base pairs of 16S r D N A sequence and obtained a robust phylogenet ic 
tree topology in which the genera Homanis and Nephrops formed a wel l-supported clade 
that excluded Homarimis. The phylogenetic posit ion of Metamphwps changed with 
di f ferent reconstruct ions. This result indicates thai some morphological characters 
employed in grouping Nephrops and Mefanephrops may be due to convergence rather 
than symples iomorphy , and therefore current t axonomy does not reflect the phylogeny of 
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this fiimily. Further molecular data and studies using homologous morphological 
characters are required to address the evolutionary history of the clawed lobsters. 
Harrison and Crespi (1999a) using COI gene and external adult morphological trails 
to study the phylogeny of Cancer crabs. The phylogenetic tree inferred f rom the COI data 
indicated sister taxa status of the two Atlantic species, C. horealis and C. pagwns. 
Analysis of morphological data resulted in pairing of each Atlantic species with an 
ecologically similar Pacif ic species, suggesting convergence in morphology. The tree 
inferred f rom the combined data set was closely similar lo the trees inferred f rom COI. 
The COI data set was believed to be a more accurate guide to the genealogical 
relat ionships of the genus Cancer. The COI data put the invasion of the Atlantic Ocean 
f rom the Pacif ic by the genus Cc/ncer at approximately 3 to 8 Mya, which is consistent 
with est imat ion of the date of submergence of the Bering Strait. However , phylogenet ic 
results were inconsistent with previous paleonlological research on C. irroratus and C. 
proavitus. Coll ins (1996) stated that inferences f rom fossil data are subjected to errors in 
fossil identif icat ion and est imates of divergence t ime, and that the dif ferent cal ibrat ions 
used in DNA-based studies have suggested vastly different dates for trans-arctic 
interchange dispersal across the Arctic. Thus, Harrison and Crespi (1999a) suggested 
fur ther investigation into the t iming and geography of dispersal of mar ine animals 
be tween the Atlant ic and Pacific oceans. 
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Molecular methods can also be used to examine phylogeographic models. 
Schneider-Broussard et al. (1998) studied the sequence variation in two Menippe crab 
species, M. aciina and M imrcenana using the niilochoiidrial 16S r R N A gene. M. adina 
is naturally found in the western Gulf of Mexico, while M. mercenaria ranges f rom 
peninsular Florida to North Carolina on the Atlantic coast. The two species intergrades 
along the western coast of Florida, in an area that is considered lo be a hybrid zone. 
However , Bert (1986) reported a second hybrid zone within the range of M mercenaria 
and proposed that gene f low f rom the Gulf of Mexico occurred in the remote past. The 
result of Schneider-Broussard et al. (1998) suggested that sequence compar isons failed to 
reveal any di f ferences between the two Menippe species. Some haplotypes were shared by 
the two species, implying either incomplete gene lineage sorting or introgressive 
hybridization. These f indings are in confl ict with Ber t ' s scenario for M mercenaria, 
which featured a relict hybrid zone on the Atlantic coast. Since the sequences of M adina 
and the putat ive hybrid zone populat ion were identical, it would appear that a much more 
recent connect ion exists between western Gulf and Atlantic populat ions of Menippe. 
Mitochondria l D N A sequence is powerful not only to investigate genetic diversity 
a m o n g popula t ions and species but also to detect sibling species, and cryptic species, 
which are morphological ly indist inguishable. Tani el al. (1996) used mitochondrial 16S 
and COI gene sequences to study the divergence and zoogeography of the mole crab, 
Emerifci species, in the Americas . Of the six species, two {E. analoga and E. rathhunae) 
were distr ibuted on the West Coast and the other four on the East. A strikingly high level 
of genet ic d ivergence (5 .41% in COI) be tween E. talpokia populat ions sampled f rom the 
20 
Gulf of Mexico and the Atlantic coast clearly indicates no recent gene f low between 
disjunct populat ions. The Florida peninsula has probably served as a barrier to dispersal 
for E. talpoida. Thus, the Gulf of Mexico and the Atlantic coast populat ions of E. 
一 m a y be a subspecies or species. Besides, a relatively large sequence divergence 
from C O l gene (3 .47%) between populat ions o f £ amhga in the Southern and Northern 
Hemispheres suggests that there has been no recent gene f low across the tropical zone. 
When compared the result lo 1.2% sequence divergence of COI gene between 
populat ions of the eastern Pacif ic goose barnacle, PoUicipes elegam (Van Syoc, 1994), 
d ivergence in E. analoga is large. Thus, l am et al. (1998) concluded that E. analoga may 
comprise distinct subspecies or species. Sarver et al. (1998) conducted a phylogeographic 
study in the spiny lobster Paiwlirm m,gm based on mitochondrial I6S sequences. T w o 
distinct clades were resolved in the analysis, one consist ing of Caribbean populat ions and 
the other of populat ions f rom Brazil. Mean sequence divergence est imates between 
Brazilian and Car ibbean/ West Atlantic populat ions were 8.32%. In addit ion, 
characterist ic color patterns also dist inguish Brazilian P. argus. When compar ing the 
large degree of different iat ion between populat ions of this species to the nucleot ide 
divergences among different crustacean species (Table 2.1), it is clear that P. orgus f rom 
the two localit ies may represent a complex of two species or subspecies and that formal 
recognit ion is warranted. 
Crypt ic invasion of Carcinus crabs was revealed by Gellcr el al. (1997) using 
mitochondria] partial 16S r D N A sequences. C. aesUuvii naturally occurs in 
Medi ter ranean Sea and C inaenas on Atlantic shores. Previously, only (: aesluaru and C_ 
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maenas were recognized as exotic species in Japan and South Africa, respectively. The 
result f rom 16S sequences showed that cryptic multiple invasion of both species occurred 
in Japan and South Africa. The ubiquity of marine sibling species identifiable only by 
genetic analysis suggests that many invasions are difficult lo delect, causing an 
underest imat ion of the actual numbers and impacts of exotic species. 
Mitochondrial D N A can help to understand the mechanisms of evolution. Schubart 
et al. (1998) studied the evolution of Jamaican crabs using 16S i RNA and COI genes on 
22 crab species including Metopcmlias and Sesarrna. They concluded that Jamaican 
endemic terrestrial crabs are monophylet ic . The results also indicated MelopauUas 
cieprcssus should be placed in llie genus Scsavuia. Based on the conslraincci dating of the 
geological closure of the Panama landbridge, Schubart et al. (1998) calibrated a molecular 
clock for the evolut ion of Sesarrna to est imate the separation t ime of 3.4 mill ion years 
ago of the Jamaican land crabs f rom their ancestor. The results support a recent origin for 
the Jamaican lineage. The phylogenetic tree suggests that two or more rapid radiat ions 
took place s imultaneously in distinct geographic regions of Jamaica. Harrison and Crespi 
(1999b) used COI gene data to study the evolution on the genus Cancer. Their results 
suggested habitat shif ts Irom structurally complex substrates to more homogeneous 
substrates were accompanied by increased morphological change towards larger body 
sizes. This supports the hypothesis on morphological diversif icat ion of Cuncer crabs thai 
the diversity is strongly related to size dependent habitat use. 
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2.4 T a x o n o m y of the genus Eriocheir 
The mitten crabs Eriocheir de I laan, 1835 are members of infraorder Brachyura, 
family Grapsidae and subfamily Varuninae. They are natives of east Asia (Panning, 1939). 
Millen crabs are catadromoiis, spending most of their life in freshwater , and returning to 
the sea to breed. Males and females move downstream during late summer and attain 
sexual maturity in tidal estuaries (Clark et al” 1998). According to Panning (1939), the 
females are thought to continue seaward after mating, overvvinlering in deeper water 
before returning to brackish water in the spring to hatch their eggs. Larval deve lopment 
probably occurs in the lower estuary, and Juvenile crabs gradually move upstream into 
f reshwater to comple te the life cycle. 
Ill their treatise on crabs of the China seas, Dai and Yang (1991) listed four species 
of the genus based on morphological characters. E. japonica (de Haan, 1835), previously 
under the genus Grapsus was selected by H. Milne Edwards , 1854 as the type species of 
the genus. Then three more species, E. sinensis H. Milne Edwards , 1854, E. recta 
St impson, 1858 and E. leptognalhus Rathbun, 1913 were described in the next sixty years. 
The taxonomy, i.e., four species of Eriocheir’ has been stable for a long l ime, till the 
1990s. 
Ill 1991, Dai conducted a field survey on Eriocheir Japonica and reported that the 
popula t ions in northern and southern China are morphological ly distinct and described 
the latter fo rm as a subspecies, namely E. japonica hepiiemis. Xie et al. (1999) using 
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R A P D to examine the genetic relationship among E. j叩(mica (Chinese population), E. 
japonica hepuensis and E. sinensis. The result indicated that genetic divergences among 
these three species are larger than the divergence between species (or subspecies). Their 
result also suggested that E. japonica hepuensis is more closely related to E. japonica. Li 
et al. (1993) conducted morphoinetr ic and biochemical genetic variation studies on four 
populat ions f rom Aotou, Yantian, Lianhuaslian and Kunshan. From morphological 
diagnosis, the Aotou and Yantian samples are typical E. Japonica and the Kunshan 
samples are E. sinensis. The Lianhuaslian samples, which are recognized as E. japonica 
hepuensis by Dai (1991), are intermediate between E. Japonica and E. sinensis. 
Compar ison of morphometr ic variation using 15 morphomelr ic trails shows few 
dif ferences in morphology among these four populations. Despite substantial 
intrapopulal ion genetic variability, a l lozyme dif ferences among the four populat ions at 27 
gene loci were minimal . N e i ' s unbiased genetic distances among the four samples ranged 
f rom 0 lo 0.003. The a l lozyme results do not s叩por t the specific status of mitten crab 
previously classified as E. japonica and E. sinensis. On this basis, Li et al. (1993) stated 
that both should belong to the same species and should be called E. japonica. Results of 
this study indicate that the morphological d i f ferences between mitten crabs of southern 
and northern China might be ecophenotypic. 
Howeve r，Guo et al. (1997) commented on Li et al . ,s (1993) study that no 
discr iminat ion was made between the samples collected as only the sample locations 
were ment ioned . According to Guo et al. (1997), Li et al. (1993) only designated the 
Chinese spec imens as northern or southern mitten crabs but did not identify or state 
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which and how many of each type were obtained from each of their sampled localities. 
Thus there is no posit ive evidence lo show that the specimens they utilized are E. sinensis 
or E. japonica hepiiemis. Besides, the samples collected from Lianhiiasan, supposedly E. 
japonic a hepuemis, were not collected f rom the type locality of the subspecies. Thus, the 
uncertainties noted above cast some doubts over the validity of the genetic data presented 
by Li et al. (1993). 
Al though E. japonica hepuemis is possibly the most problematic taxon in the genus, 
the t axonomic problem of Eriocheir extends to other species. E. recta was originally 
described by St impson in 1858 based on specimens from Macau and subsequently in 
Taiwan. Yet, E. recta has never been collected f rom or near Macau, the type locality, 
since the original description by St impson (1858). Moreover , Chan el al. (1995) have had 
doubts on the identity of the Taiwanese E. reef a. Detailed morphological compar i sons of 
the eastern Taiwanese specimens previously referred to E. recta with the type descript ion 
of the species by St impson (1858) show several serious discrepancies that argue against 
their conspecif ici ty. Instead, the descriptions of E. redo by St impson (1858) actually 
agree better with E. japonica in Taiwan. Thus, Chan et al. (1995) resolved the identity of 
E. recta and showed that it is a jun ior synonym of E. japonica. Chan et al. (1995) also 
discovered that the spec imens described as E. recta f rom eastern Taiwan do not share 
c o m m o n morphologica l trail found in known species of Eriocheir. Thus, the mit ten crab 
f rom eastern Taiwan previously identified as E. reef a is described as a new species, E. 
formosa. This designat ion was supported by Guo et al. (1997) and Ng et al. (1999). 
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Sakai (1983) referred E. leplognafhus, the smallest member in Eriocheir, to a new 
monotypic genus called Neoeriocheir. Yet all subsequent authors (e.g. Chan et al., 1995) 
have not recognized it. Chan et al. (1995) specifically commented thai there are no good 
reasons for recognizing Neoeriocheir as a valid genus and noted that it should be 
regarded as a jun ior synonym of Eriocheir. 
Guo et al. (1997) conducted a morphological and morphometr ic analysis on the 
t axonomy of three commercial ly important species of mitten crabs: E. japonica, E. 
sinensis and E. japomca hepuensis. I hey regarded the subspecies E. japomca hepuensis 
r)ai，1991 as a valid species. The name of this new species is E. hepuensis. Guo et al. 
(1997) argued that the genus Eriocheir sensu lata is in fact is a heterogeneous taxon, and 
can be split into three discrete genera. Genus Eriocheir sensu siricto containing only three 
species, E. japomca (de I laan, 1835) (type species), E. sinemis H. Milne Edwards , 1854, 
and E. hepuensis Dai, 1991. They also concluded based on other authors, s tudies (e .g. , 
Sakai, 1983; N g et al., unpublished data (later published in 1999)) that Neoeriocheir 
Sakai, 1983，is a good genus and E. leptognalhus Rathbun, 1913, is transferred back to it. 
Tl!ey also argued that E. forinosa Chan, Hung and Yu, 1995, possesses so many 
apomorph ic features that it cannot be retained in Eriocheir. It is therefore referred to its 
o w n genus. 
N g et al. (1999) stated that the genus Neoeriocheir, previously synonymized under 
Eriocheir, is a valid taxon. The type species, N. leptognalhus, d i f fers f rom m e m b e r s of 
Eriocheir s.s. in the form of its epis tome, chel ipeds, and male first pleopod as well as first 
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zoeal structures. E. fonnosa was assigned to a new genus called Plalyenacheir. The type 
species, P. formosa, is distinctly different f rom species of Eriocheir s.s. based on the 
structure of the carapace，the chelipeds, the thoracic s ternum, and the male first pleopod, 
and on the form of the zoeal and megalopal stages. 
The conclusions of this recent taxonomic revision are as fol lows: 1) the genus 
s.s. contains three species, E. japonica, E. sinensis and E. hepuensis, 2) E. 
leptogmUhus is referred to its own genus, and is now called Neoehocheir lepiognathus, 
and 3) E. recta was shown to be a Junior synonym of E. japonica and the new species, E. 
for inosa is assigned to a new genus, and is called Plalyeriocheir fonnosa. 
2.5 Distribution of Eriocheir s.l. 
Eriocheir occurs natively in east Asia. E. japonica, the type species of the genus, has 
Uie widest distr ibution ranging f rom Japan, east coast of Korea, Ta iwan to southeast 
Cliiiia (Guo et al., 1997). E. sinensis is a commercial ly important species which supports 
a large f ishery with an annual catch of more than 10 000 tonnes (Li et al., 1993). It 
naturally occurs in northern China but has been introduced ink) Europe and North 
Amer ica (see below). Due to the high economic value of E. sinensis^ it has been 
transported throughout China for aquacullure purpose (Guo et al., 1997). E. hepuensis is 
nat ive to southern China (Dai, 1991). The smallest member E. leplogmUJws can be found 
in northern China, west coast of Korea (Yel low Sea) and Japan (Ng et al., 1999). E. 
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foniiosa is endemic to the river systems of eastern Taiwan, from I-Lan Comity to Ping-
Tong County (Chan et al., 1995). 
2.6 Populat ion genetics of Eriocheir 
2.6.1 Populat ion genetics of Eriocheir japouica 
Gao and Wataiiabe (1998) studied the genetic variation oi E. japonica populat ions in 
.lapaii us ing isozyme analysis. The samples were collected f rom 22 localities f rom 
Hokkaido to Ok inawa in Japan. Geographical d i n e was not clearly recognized according 
to the result. The N e i ' s genetic di f ference among the E. Japonica populat ions is very 
small (0.0004), which indicating thai the stocks can be treated as genetically the same. 
There were two alleles at the gli icosephosphale isomerase (G7V*) locus which could only 
be found in the two Okinawa populat ions studied. These two alleles might be a diagnost ic 
character of the Ok inawa populat ion. 
Gao et al. (2000) commented on the result of Gao and Watanabe (1998) that due to 
the l imitat ion of the use of i sozymes for genetic analysis, the genetic variation revealed is 
very small . Therefore , a highly sensitive molecular marker is needed. Gao et al. (2000) 
suggested thai it is possible to elucidate the evolut ion on^riocheir by using mitochondrial 
DNA. 
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2.6.2 Populat ion genetics and the history of invasion of Eriocheir sinensis 
There are three main populat ions of E. sinensis in China, commonly referred as the 
Liaohe, Changj iang and Ouj iang populations. Xu (1996) conducted a biochemical genetic 
study using nine i sozymes to investigate the relationship of E. sinensis f rom Changj iang, 
Liaohe and Ouj iang. The results indicated that C h a n ^ i a n g and Ouj iang populat ions were 
more genetically similar to each other. The genetic divergence between Ouj iang and 
Liaohe is the largest one. Similar genetic relationship among these three populat ions were 
found using R A P D (Qiu et al., 1997). However , R A P D study by Guo and Zhou (1998) 
showed an unexpected result that Liaohe and Ouj iang populat ions are more closely 
related. Chiii (1999) investigated the genetic variation and the relat ionship among the 
same three populat ions using R A P D . The study shows that the smallest genetic variation 
was found between Liaohe and Ouj iang populat ions, and then fol lowed by Liaohe and 
Changj iang populat ions which is similar to the result of Gao and Zhou (1998). The 
genetic d i f fe rence between Changj iang and Ouj iang is the largest one. The genetic 
variat ion be tween populat ions did not have direct relat ionship to their geographical 
F 
separat ion. The genetic divergence among the populat ions is not large enough lo separate 
them to di f ferent subspecies. 
It is still too early lo conclude the genetic relat ionship among different native 
populat ions of is. sinensis. The previous study using R A P D or isozyme could only show 
that the genetic d i f ferences among these three main populat ions are very small . Three 
explanat ions were concluded for the small genetic divergence among these popula t ions 
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(Qiu et al., 1997). First, there is not enough l ime for the D N A miilation to accumulate to 
populat ion level yet. Second, different populat ions of E. sinensis were being transported 
throughout China for aqiiaculture, leading the gene f low among putative geographic 
separated populat ions. Third, the genetic variation revealed is very small due to the 
l imitation of the use of R A P D and isozymes for genetic analysis. Therefore , a highly 
sensitive molecular marker is needed in order to reveal the genetic relationship among 
three native populat ions. 
£ sinensis was introduced to Northern Europe since the beginning of the century. It 
was first reported in Germany in 19]2 (Peters and Panning, 1936) and has subsequently 
spread throughout northern Europe. The iiilrodiiclion was probably made possible 
because of their reproduct ion through free-drif t ing larvae that could be brought to 
Germany in ballast water tanks of commercia l vessels. 
In the early 30’s, E. sinensis became well established in Germany and they 
c o m m e n c e d to spread westward f rom the Ems into northern Nether lands and through the 
Midland Canal and the Rhine into southern Nether lands, northern Belgium, and northern 
France (Panning, 1939). They have also spread f rom the breeding grounds in the Great 
and Lesser Belt in the Baltic to Denmark , southeastern Sweden, East Prussia, and 
southern Finland. E. sinensis were inlroduced to France via the Garonne River and Canal 
du Midi , and they reached Medi terranean coast by 1959 (Cohen and Carl ton, 1995). 
Nowadays , the est imated distribution ofE. sinensis ranges f rom Finland, through Sweden , 
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Russia, Poland, Germany, Portugal, the Czech Republic (Prague), Nether lands, Belgium, 
France to England (Clark et al., ] 998). 
The crab has also been reported f rom North America (Nepszy and Leach, 1973; 
Cohen and Carl ton, 1995). A specimen o f E sinensis was collected from a water-intake 
pipe at Windsor , Ontario, in 1965, and three were captured in Lake Brie in 1973. 
Presumably the larval crabs were carried to Lake Erie in ballast tanks of ships (Nepszy 
and Leach, 1973). Live importation of the Chinese mitten crab was banned by the United 
States ill the late 1980s because of concerns about potential damage to levees, rice crops, 
and natural ecosystems, and because it harbors a human parasite, the oriental lung fluke, 
Paragominns weslenrmmi (Cohen and Carlton, 1995). E. sinensis was regarded as a pest 
as it causes erosion of river banks because of its burrowing habit. Nevertheless , miUeii 
crabs were present in San Francisco Bay by 1992 and well established by 1994 (Cohen 
and Carl ton, 1997). They clog the water intake and distribution pipes in San Francisco 
Bay area leading to increased maintenance cost. 
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Chapter 3 
Materials and Methods 
3.1 Species studied and sample sources 
3.1.1 Spec imens 
All samples used in the phylogenet ic reconstruction were collected f rom the type 
locality. Spec imens of E. japonica were collected ft-om Shimonoseki，Japan by Prof. K. I. 
Hayashi , National Fisheries University. Specimens of E. formosa were collected f rom 
Flualien, eastern Ta iwan by Prof. T.Y. Chan, National Taiwan Ocean University. 
Samples o f ^ . hepuemis were collected f rom Hepu, China by Mr. Q. Shen, South China 
Sea Institute of Oceanology, the Chinese Academy of Sciences. Samples of £ sinensis 
and E. leptognatJms were collected f rom Shanghai , China. Collection sites for five 
species o^Eriocheir were shown in Figure 3.1. Samples oUJaelice depressus (Grapsidae, 
Varuninae) which were used as the outgroup species for phylogenet ic analysis of COI 
gene were collected by Prof. T.Y. Chan f rom Taiwan. The COI gene sequence of another 
outgroup species Hemigrapsiis nudus (Grapsidae, Varuninae) (Harrison and Crespi , 
W 9 a ) was obtained f rom Genbank (accession luimber AF060775) . 16S sequences of the 
Pachygrapsus Iransverses (Grapsidae, Grapsinae) (Schubart and Cuesta , 1998) and 
S隱福 ayawm and Sesanm bide__ (Grapsidae, Sesaiminae) (Schubart et al., 1998) 
were obtained f rom Genbank (accession numbers : AJ22589(), A,丨005956 and AJ225890) . 
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The names of the species, sampling localities, and number of specimens 
sequenced are listed in Table 3.1. All the specimens of either the whole crab or the 
pleopod were preserved in 95% ethanol before they were transported to the laboratory for 
D N A extraction and subsequent processing. The taxonomic identies of the specimens 
used in this study were conf i rmed by Prof. T. Y. Chan. 
3.1.2 Spec imens for populat ion genetic study on E. sinensis 
Six populat ions of E. sinensis were studied including three Chinese populat ions 
collected f rom Shanghai , Liaohe and Xiamen (Figure 3.1), two European populat ions 
f rom Belgium and Thames River, Britain and one American populat ion San Francisco 
Bay (Table 3.1). Xiamen populat ion samples were collected by Prof. F.X. Li, X iamen 
Universi ty. Belg ium populat ion samples were collected by Dr. C. Udekem d ' A c o z . 
T h a m e s River populat ion samples were collected with the help of Dr. P. Clark and Dr. P. 
S. Ra inbow, Dept. of Zoology, the Natural History Museum, London. San Francisco Bay 
populat ion samples were collected by Ms. Kim Webb, U.S. Fish and Wildl i fe Service. 
3.2 D N A extract ion 
Total D N A was extracted f rom walking leg muscles ( - 2 5 mg) using Q I A a m p 
D N A Mini Kit ( Q I A G E N , Hiklen, Germany , Cat. No. 51304) with slight modif ica t ions 
of the procedures as r ecommended by the manufacturer : 1) before walk ing leg musc les 
were lysed, they were washed three t imes with sterile distilled water to r emove the 
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Table 3.1 Species studied and their sample sources 
N a m e of species Sample localities No. of specimens sequenced for three genes 
* ‘ ‘ “‘ - - — — — - … ’― ^ 
COI 16S ITS-l 
“‘“'-：； _ 
triocheir sinensis Changj iang, China 4 4 3 
Liaohe, China 5 -
Xiamen, China 6 - -
Belgium 2 - -
Thames River, UK 3 - -
San Francisco Bay, USA 5 - _ 
Eriocheir japouica * Japan 2 2 3 
Eriocheir hepuensis I lepii, China 3 3 3 
Eriocheir formosa Ta iwan 3 3 2 
Eriocheir lepfognalJiiis Changj iang, China 3 # 3 
Gaetice depressus"^^ Ta iwan 3 # 社 
* Type species of Eriocheir 
* * Outgroup 
- Populat ions that were not used in the 16S r R N A and ITS-l genes analysis 
* Cases that no sequence was obtained due to failure in sequencing of P C R 
products 
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, 1 yVv 
L i a o h e ^ ^ ^ ^ ^ ( A 
\ L I S h i m i n o s e k i J I 
C h i n a Y ^ � ^ ^ 
X i a m e n ^ J 
H e p u j f ^ u a l i e n 
Taiwan <r n 
Figure 3.1 M a p of east Asia showing collection sites for f ive species of Eriocheir and 
three Chinese populat ions of E. sinensis samples. 
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ethanol as far as possible, and 2) double distilled water ( d d l l / ) , 200 ^1) was used to eliite 
DNA from the spin column instead of using buffers provided in the kit. After extraction, 
15 pil of the eluate was subject lo 1% agarose gel electrophoresis and elhidium bromide 
staining to check the quality of DNA. 
3.3 Amplification of genes 
Segments of two mitochondrial genes, large subuiiit (16S) ribosomal RNA gene 
and cytochrome c, oxidase subunit I (COI) gene and one nuclear gene, the first internal 
transcribed spacer ( ITS-l ) were amplified from total DNA using polymerase chain 
reaction (PCR). 
The sequences of primer pair for amplifying and subsequent sequencing of 
mitochondrial 16S gene from milten crabs were based on published 'universal ' primer 
sequences (Simon et al., 1994; Palumbi, 1996). The regions amplified are near the 3，end 
of the genes and the expected size is 560 bp. The sequences of the primers are: 
16Sar 5 ’ - C G C C T G r n ’ A T C A A A A A C A T - 3 , 
16S br 5 , -CCGGTCTGAACTCAGATCACGT-3 , 
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For COI gene, the primer pair sequences were based on published ‘universal, 
pr imer sequences (Folomer et al.，1994). The primers were designed from 11 invertebrate 
phyla including Arthropoda. The regions amplif ied are near the 3’ end of the gene and the 
expected size is 710 bp. The sequences of the primers are: 
L C O � 4 9 0 5，-GGTCAACAAATCATAAAGATATTGG-3 , 
H C O 2198 5 ’ - T A A A C T T C A G G G T G A C C A A A A A A T C A - 3 , 
For ITS-l region, the pr imer pair sequences were designed in our laboratory (Chii 
et a l” submit ted) based on the sequences of three different mosqui to species’ Aedes 
1霞(Genbank acccssion number APIJ48378)，Culex restuam (CPIJ22136) and 
Di以丨la cornuta (DCU48381) . The nucleot ide sequences of 18S r D N A and 5.8S r D N A 
regions in those species were aligned to identify two highly conserved regions in each 
region. The 5, pr imer, SP-1-5，’ is located in the 18S rDNA, 40 bp upstream the ITS! 
and the 3’ pr imer, SP-1-3 ' is located in the 5.8S rDNA, 54 bp downst ream the ITS l . The 
sequences of the pr imer are; 
SP-1-5 5，-A A C A A G G T T T C C G r A G ( ; T G A - 3 , 
SP-1-3 5，-ATTTAGCTGCGGTCTTCATC-3， 
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However , for E. fonnosa. the PCR product of ITS-1 gene was found to be 
difTiciih to sequence apparently due to the presence of Vcirianls in the multiple copies of 
ITS gene. Therefore the regions of ITS-1, 5.8S and 118-2 genes were amplif ied first 
using the pr imers designed f rom the sequences of three different mosqui to species, Aedes 
1)霞k)i. (Genbank accession number APU48378) , Cidex restmws (CPU22136) and 
D滅u connita (DCU48381) . The nucleotide sequences of 18S rDNA and 28S rDNA 
regions in those species were aligned to identify two highly conserved regions in each 
region. The sequences of the primers are: 
C U I T S 4 51 -TCCTCCGCTTATTGATATGC-3' 
C U r r S 5 5 i - G G A A G T A A A A G T a n ’ A A r A A ( ; G - 3 , 
The P C R products were then re-amplif ied by using SP-1-5 and SI)-1-3. The 
localities of the ampl i f ied segments in ITS-l gene are illustrated in Fig. 3.2. 
3.3.1 P C R Profi le 
3.3.1.1 16S r R N A gene 
The ampl i f ica t ions (50 ^il) for 16S r R N A gene contained 3 … o f the D N A extract, 
5 … o f Mg2' f ree buf fe r (lOx), 5 ).il o f M g C l ^ (25 m M , both solutions supplied with Tag 
polymerase , G I B C O BRL, Life Technologies , Grand Island, N e w York), 1 … e a c h of the 




1 ^ I T S - 1 I L I T S - 2 , 
< — — < — — 
SP-1-3 CUITS5 
Figure 3.2 Diagrammatic illustration of primer locality of nuclear ribosomal gene. 
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deoxy nucleot ide tr iphosphate mix (dNTRs, 10 niM’ GIIKX) BRL, Life Technologies， 
Maryland) , 3 units of Taq polymerase (5 iinils/|LiI, Promega, Madison, Wisconsin) and 
33.2 |Lil of ddll^O. 
The cycl ing profi le for 16S r R N A gene was as fol lows: 1.5 minutes at 9 5 � C for 
initial denaturat ion, then 33-35 cycles of 30 seconds at 95°C, 30 seconds at 4 6 � C , 30 
seconds at 72°C with a final extension for 5 minutes at 72°C. 
3.3.1.2 COI gene 
The ampli f icat ions (50 |li1) for COI gene contained 3 of the D N A extract, 5 fil 
of M g " free buf fe r (lOx)，5 of MgCI , (25 m M , both solutions supplied with Taq 
polymerase , G I B C O BRL, Life Technologies) , 2.5 each of the primer stock solution 
(10 f iM, Integrated D N A technologies) , 5 of deoxy nucleot ide t r iphosphate mix 
(dNTPs , 10 m M , G I B C O BRL, Life Technologies) , 3 units of Taq po lymerase (5 units/|Lil, 
P romega) and 26.2 o f d d H ^ O . 
The cycl ing prof i le for COI gene was as fol lows: 2 minutes al 95°C for initial 
denaturat ion, then 30-33 cycles of I minute at 95�C, 1 minute at 56°C, 1.5 minutes at 
72°C with a final extension for 7 minutes al 72°C. 
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3.3.1.3 ITS-1 gene 
The amplifications (50 |.il) for ITS-1 gene contained 3 |_il of the DNA extract, 5 
of free buffer (lOx), 5 … o f MgCl�（25 mM, both solutions supplied with Tag 
polymerase, GIBCO BRL, Life Technologies), 1 )al each of the primer stock solution (10 
| iM’ Integrated D N A technologies), 1 [il of deoxy nucleotide triphosphate mix (dNTPs, 
10 mM, GIBCO BRL, Life Technologies), 3 units of Taq polymerase (5 units/fil, 
Promega) and 33.2 |il of ddllsO. 
The cycling profile for ITS-1 gene was as follows: 2 minutes at 95°C for initial 
denalLiration, then 30-33 cycles of 45 seconds al 95�C，30 seconds al 56°C, 30 seconds al 
72°C with a final extension for 4 minutes 15 seconds at 7 2 � C . For the amplification using 
the primers CUITS4 and CUITS5, the cycling profile was as follows: 2 minutes at 95°C 
for initial denaturation, then 30-33 cycles of 30 seconds at 95°C, 40 seconds at 5 0 � C , 1 
minute 30 seconds at 72°C with a final extension for 8 minutes al 72°C. 
3.4 D N A sequencing 
Prior to sequencing, PCR products were purified using QIAquick PCR 
purification kit (QIAGEN, Cat. No. 28104). For amplification in some species, PCR 
tended to produce primer dimers or a smear in lower molecular weight area, and it was 
dHTicult to get rid of Ihem by changing PCR parameters. In these cases, a QIAquick gel 
purification kit (QIAGEN, Cat. No. 28704) was used to purify the products of expected 
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size. Follow-up sequence analysis showed thai these gel-purified fragmenls were 
homologous lo those purified with QIAquick I)CR purification kit. In both cases, the 
procedures recommended by the manufacturer were followed except the last step in 
which sterile distilled water was used to elute DNA rather than the buffer provided in the 
kits. 
Purified double-strand PGR products were sequenced using DyeTerminator Cycle 
Sequencing Ready Reaction Kit (Applied Biosystem Inc., Foster City, California. Part No. 
402079) and analysed on an ABI 310 Genetic Analyser (Applied Biosystem Inc., Foster 
City, California). The cycle sequencing reactions were performed with 3-6 |il purified 
I)CR products. The following was the sequencing procedure recommended by the 
manufacturer with slight modifications: 
Cycle sequencing 
Sequencing reaction mix was prepared as follows: 
Terminator Ready Reaction mix 8.0 |il 
Template (PGR product) 3-6 
Primer (one of the primers used in PGR) 3.2 pmole 
Add deionized H2O lo final volume 20 
42 
The cycling profile was as follows: 1 minute at 96°C for initial denaturation, then 
25 cycles of 30 seconds at % � C ’ 15 seconds at 5 0 � C for 16S gene, 60°C for COI and 
ITS-1 genes, 4 minutes at 6 0 � C and then kept at 4 � C . 
3.4.1 Purification of extension products 
The extension products were purified using ethanol precipitation method. The 
unincorporated primers and dNTPs in the products of sequencing reactions could be 
removed by adding 2 … o f 3M sodium acetate (pH 4.6) and 50 }.il 95% ethanol. The 
mixture was placed at -70°C for 10 minutes for precipitation. Pellet was obtained after 
centrifugation at 13,000 rpm, 4 � C for 30 minutes. The product was washed once with 
70O/O ethanol and vacuum dried. 25 of Template Suppression Reagent (ABI PRISM, 
Perkin-Elmer, Foster City, California, Part No. 401676) were added lo the reaction 
products and mixed. The sequencing products were denatured at 9 6 � C for 4 minutes. The 
products were quenched by storing on ice for at least 10 minutes before loading to the 
sequencer. Alternatively sequencing products could be stored at 4 � C for up to one week 
before electrophoresis. Under this circumstance re-denaturation might be needed before 
loading to the sequencer. 
43 
3.4.2 Electrophoresis and data collection 
Denatured cycle sequencing products were loaded to an automatic sequencer (ABI 
PRISM 310 Genet ic Analyser , Foster City, California) and electrophoresis and data 
collection can be completed in three hours for each sample. The ABI PRISM 310 
Sequencer was preferable lo other models since it did not require the step preparing 
sequencing gel in which experience might be required. Instead a capillary tube filled with 
polymer acted as electrophorelic support material in the sequencer. Individual 
complementa ry sequences of each mitochondrial gene were inspected by eye with the aid 
of Sequenche f™ 3.0 (Gene Codes Corp. , Inc., Michigan) . Nucleot ide sequence of each 
gene in a species was con firmed by reference to the data from both strands of two or three 
individuals. Any imdetenii ined bases and variable bases among individuals of a species 
were noted and designated as unknown bases when consensus sequences were used for 
phylogenet ic analysis. 
3.4.3 Sequence a l ignment 
Consensus sequences of the Eriocheir species studied were al igned using the 
mul t ip le-a l ignment program Sequencher™ 3.0 together with the outgroup species {Gaetice 
depressm and Hemigrapsus nudus for COI , and Pachy^rapsus trcmsverses, Sesarrna 
ayaium and Sesarrna hkknlalum for 16S) with some modif ica t ions subsequent ly made by 
eye. There was no gap penalt ies applied. For the COI gene, the deduct ion of amino 
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a d d sequences was based on the Drosophila nitUNA genetic code (Clary and 
Wolstenholme, 1985). 
3.5 Phylogenetic construction 
Phylogenetic trees were constructed based on three methods with PAUP (version 
4.0 beta version 4, Swofford, 2000). The most appropriate model of DNA substitution for 
maxiimim likelihood (ML) analysis was assessed using Modcltest (version 3.0, Posada 
and Crandall, 1998). 
Base composition, transition/transversion ratio, and a matrix of sequence 
divergence using the most appropriate model of DNA substitution calculated by 
Modeltest 3.0 were generated and subjected lo neighbor-joining (NJ) analysis (Saitou and 
Nei, 1987) with PAUP. For alignment gaps and missing information, pair-wise deletion 
option was used. Bootstrapping (500 replicates) was performed to assess the confidence 
level at each branch (Felsenstein, 1985). All characters from three genes used in this 
study are weighted equally. 
Maximum parsimony (MP) and maximum likelihood (ML) analyse were 
conducted with PAUP. Heuristic, branch-and-boiind and exhaustive searches were 
undertaken using 100 random addition sequence starting trees and tree bisection-
reconnection branch swapping for phylogenetic reconstruction of Eriocheir. Branch 
support was assessed using 500 bootstrap replicates. Alignment gaps were included as an 
45 
additional character stale and only pliylogenelically informalive characters (Hillis el al., 
1996) were used. 
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C h a p t e r 4 
Results 
4.1 Phylogenet ic reconstruction of Eriocheir 
4.1.1 PGR products of mitochondrial 16S r R N A and COI genes and nuclear r ibosomal 
ITS-1 gene 
Segments of 16S r R N A gene sequences were amplif ied f rom E. japonica, E. 
sinensis, E. hepuensis and E. formosa but not E. leptognathus. The ampl i f ied segment of 
16S r R N A gene was about 560 base pairs (bp). Segments of COI sequences were 
ampl i f ied f rom all species of Eriocheir and the oiilgroup Gaelice ciepressus. The 
ampl i f ied segment of COI gene was about 700 bp. The sequences of ITS-1 were 
ampl i f ied f rom E. japonica, E. sinensis, E. hepuensis, and E. leptognathus us ing SP-1-3 
and SP-1-5 primers. The size of amplif ied PGR products was approximate 420 bp. The 
ITS-1 gene of E. formosa was first ampli f ied using C U I T S 4 and C U I T S 5 primers. The 
ampl i f ied PGR product was approximate 1.2 Kb. The PGR product was then reampl i f ied 
using the SP-1-3 and SP-1-5 pr imers and the products size was about 450 bp. The PGR 
products of each of the three genes had apparently the same size among the species 
studied. The number of individuals of each species sequenced is listed in Table 3.1. The 
PCR product sizes of each gene are illustrated in Figure 4.1. 
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M 1 2 3 
Figure 4.1 Sizes of the f ragments ampl i f ied through polymerase chain reaction f rom 
mitochondria l 16S r R N A (Lane 1) and cy tochrome oxidase I genes (Lane 2) and ITS-l 
gene (Lane 3) f rom E. sinensis. M: 100 base pairs ladder. 
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4.1.2 Intraspeciflc variation 
For all three genes segments, sequences from two or three individuals of the same 
species differed by no more than two bases. Among all species studied all genes 
exhibited similar low levels of intra-specific variation (% sequence d i f ference f rom 0.00 
U) 0.003). Consensus sequences were used in phylogenet ic analysis. 
4.1.3 Genet ic variability in miUen crabs based on partial sequences of 16S rRNA gene 
On average, 457 base pairs (bp) of 16S rRNA gene were determined f rom 12 
individuals of four Eriocheir species {E. japonica, E. sinensis, E. hepuemis and E. 
formosa) (Figure 4.2). There are 29 bases showing nucleotide substi tut ions in at least one 
of the species, 6 (20 .7%) of them being phylogenetical ly informat ive sites. Apart f rom 
nucleot ide changes , there are also single-base insertion/deletion changes among four 
species of Ehochier and there are two two-base gaps between E. formosa and other 
species. 
The partial 16S r D N A sequences (excluding oulgroups) are shown in Table 4.1. 
The average base f requencies were 35 .5%A, 36 .6%T, 9 .9%C and 17.2%G ( A + T % = 
72.10/0), indicat ing a moderate A T bias. This is consistent with previous reports for A T 
rich 16S r D N A sequences of many crustaceans (Tam el al., 1996; Tani and Kornfie ld , 
1998). It was noted that the sequences of E. sinensis and E. hepuensis are identical. Table 
4.2 shows the pairwise number of transit ions and Iraiisversions a m o n g four Eriocheir 
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ES CCCACTGATT AATAGTATTA AATGGCCGCG GTATTTTGAC CGTGCAAAGG TAGCATAATC GTTAGTTTTT 
EH 
E J G ^ 
EF . T G . T . . . . - . . . . - - T . A - ' " ' ^ ^ ' [ [ [ [ c 
PT - . . GCA-T . A - . . G C ' " 
SA A . … A A T . . T C . . . . T A . 二 二 二 C •  
SB A • • • . A - T . . T C . . . . T A C. 
ES TAATTGGAAT CTTGTATGAA TGGTTGGACA AAAGAAGATC TGTCTTTGT- ATTGCTTATT GAATTTTACT 
EH 
EJ ：二 
EF A . . . : : : : : : : A : : ' c " ' t 
PT G A G.CG 
SA T G . A . . A . G CACAA . . . AA A … 
SB T G . A . . A . G CA . AG - . . AA A . . . 
ES TTTAAGTGAA AAGGCTTAAA TGTATTAAAG GGACGATAAG ACCCTATAAA GCTTAATATT A A A T T T - T - A 
EH 
EJ 
EF’ A : : : : : : : : : : : : : : : : : : : : A : : : : : : : : : : 
P 】 • • C . . . .AA G G G A G - A . . . 
SA AA A A • TT . . . A • T . 
'>B AA A A TT.•二八••'：!'•• 
ES TATAGTCAAA T T T T A A ~ A T T ATAAAGATTT TGTATX八TTGA 八T T T - - A T T T TATTGGGGCG ATAAGAGTAA 
EH 
EJ ' ' ' " ' ^ 
EF . T CG- C G. A - T GAG . TT … . 
PT . T A . C C T T G G. . . A . . G T G . A - - G . . . TT . . . A • GA 
SA . T - . A . A T T A . A T . . . . A . . . . - . A - . - . . . AT T . 
SB - T . . A . A A - T . . . . G. . . . - . A - . - • • . GT T T G A . . . 
KS AATGATTATT AACTGCTTAA CATTAAGTAC ACTTATATGT G A - T - T A A A - A T T T T - A _ A A - T G A T C C T A -
EH 
EJ ‘ 二二二 ： 二二二 
EF G T A GA • . . : : : : T : G A. ...... . • 
PT GG C T T T . . T . . - . . . A A A . . . A G C. . G G A A G - T . . AG - T 
SA - . … T T G . T • A A . . . AAA . . . AA . . . A . A . . . . G G • T • . A GT 
SB - — — T T G . T . A A . . . A A A . . . A A . . . A . A G T G . T . . AG . : : : : : GT 
ES ATTAAAGATT AAAAGTTTAA GTTACTTTAG GGATAACAGC GTTATTTTTC TTAAGAGTAC TTATCGAAAG 
EH 
E J 二二 二 二 二 
EF G ^ ^ ‘ “ “ 二二二 
PT TA T . . . . AA . T . . G T A 
S 八 ‘ • • • 。 ： : T : : G : : : : : T : : : : : : : : : : A 
SB … - G T . .G T A 
ES AAAAGTTTGC GACCTCGATG T T G A A - T T A A AATATCT 
EH 
E J A 
EF C . . 
PT AT . . . 
SA . . G 
SB . . G 
Figure 4.2 Al igned sequences of mitochondrial 16S r R N A gene in Eriocheir. Dots 
indicate nucleot ide identity to E. sinensis (lop row), and dashes indicate gaps introduced to 
the sequences for a l ignment . Abbrevia t ions for the species are shown in Table 4.4. 
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Table 4.1 Base composi t ion of mitochondrial partial 16S r R N A sequences. Data are 
expressed as percentage. 
Species Nucleot ide composi t ion (%) 
" A T C CT A + T 
E. japonica ^A ——— m 73.0 
E. sinensis 35.7 37.5 9.9 16.9 73.2 
E. hepuensis 35.7 37.5 9.9 16.9 73.2 
E.formosa 35.0 33.9 10.0 18.0 68.9 
Mean 35.5 36.6 9.9 17.2 72.1 
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Table 4.2 N u m b e r of transitions (above diagonal) against t ransversions (below 
diagonal) in partial sequence of mitochondrial 16S r R N A gene of Eriocheir. 
E- japonica E. sinensis E. hepuensis E. formosa 
E, japonica 1 17 18 
E. sinensis 0 0 17 
E. hepuensis 0 0 ig 
E. formosa 12 12 12 
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species studied. It is clear that, of the 16S r D N A sequences determined, the pattern of 
nucleot ide substi tut ions favors transitions over Iransversions with a ratio of 
transitioiVtransversion (ts/tv) of 1.46. 
The results of Model test 3.0 suggest the most appropriate model of D N A 
substi tution is the Hasegawa-Kish ino-Yano model (HKY85) (Hasegawa et al., 1985). 
Results of the tests and the final parameters estimated f rom the data are listed in Table 
4.3. The sequence divergence using H K Y 8 5 method is shown in Table 4.4. The 
sequences of E. sinensis and E. hepuemis are identical to each other. E. japonica is 
closely related to E. sinensis and E. hepuemis. The sequence divergence be tween them is 
very small (0 .23%). E. fonnosa exhibits the largest sequence divergence to the other three 
Eriocheir species (8 .53-8.94%). 
4.1.4 Genet ic variabili ty in mitten crabs based on partial sequences of COI gene 
On average, 558 bp of COI sequences were unambiguous ly determined f rom 19 
individuals of 6 species studied (Figure 4.3). Of the COI sequences determined, 76 
informat ive sites are evenly distributed over the length of the sequences . The base 
compos i t ion of COI as a whole is also A T rich (mean values 27 .3%A, 36 .5%T, 19.4%C 
and I6.70/0G, A + T = 63 .8%) (Table 4.5). The bias is highest at the third positions，with 
m e a n values of 38 .5%A, 44 .6%T, 12.5%C and 4 . 4 % G (Table 4.5). This shows that there 
is imderrepresenta t ion of G at the third posit ions, which is similar to previous reports in 
insects (Drosophila) (Gleason et al., 1997) and crustaceans {Metapenaeopsis) (Tong et al., 
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Table 4.3 Parameters of final DNA substitution models. 
Parameter COI * COI** f f s 
Model HKY85 GTR+I HKY85 W l 
Base frequencies: 
A 0.3535 0.2778 0.2757 0.1863 
C 0.1003 0.1793 0.2056 0.2750 
G 0.1859 0.1637 0.1690 0.3066 
T 0.3604 0.3792 0.3497 0.2320 
Substitution rates: 
A<=>C 1.0000 6.2541 - . 
A o G 18.1351 35.6196 - -
A o T 7.0498 18.0761 - -
C<=>G 7.0498 0.00001 - -
C<=>T 18.1351 80.1 163 - -
G o T 1.0000 1.0000 - -
Proportion of invariant sites - 0.3230 - . 
COI* Data set for phylogenetic analysis. 
COI* * Data set for population genetic analysis. 
Model abbreviations: 
HKY85: Hasegawa-Kishino-Yano model (Hasegawa et al., 1985) 
GTR: General time-reversible (Lanave et al., 1984) 
F81: model of Felsenstein (Felsenstein, 1981) 
I： invariable site 
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Table 4.4 Est imate of genetic divergence based on Hasegawa-Kish ino-Yano model 
and uncorrected ("p") distance (below diagonal) in partial sequences of mitochondrial 16S 
r R N A gene oi Eriocheir. Data are expressed as percentage. 
^ ^ EH g F ^ SB 
^ ^ ^ 27M 
ES 0.23 0 8.53 27.15 21.62 20.27 
E H 0.23 0 8.53 27.15 21.62 20.27 
EF 6.89 6.66 6.66 27.60 24.89 24.98 
P T 15.91 15.68 15.68 15.81 28.45 26.70 
SA 13.48 13.26 13.26 14.28 16.07 1.90 
SB 12.91 12.69 12.69 14.36 15.43 1.79 
Abbrevia t ions : 
EJ: E. japonica 
ES: E. sinensis 
EH: E. hepuemis 
EF: E. formosa 
EL: E. leptognathus 
PT: Pachygrapsus tranversus 
SA: Sesarma ayatum 
SB: Sesarma hidentatum 
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Figure 4.3 Al igned sequences of mitochondrial cy tochrome oxidase I (COI) gene in 
Eriocheir. Dots indicate nucleot ide identity lo E. sinensis ( top row), and quest ion mark 
indicates miss ing data. Abbrevia t ions for the species are shown in Table 4.7. 
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Figure 4.3 Continued. 
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Table 4.5 Base composi t ion of mitochondrial cytochrome oxidase I (COI) gene sequences 
for phylogenet ic study. Data are expressed as percentage. 
Species Nucleot ide composi t ion (%) Bases at third posit ion (%) 
" A T C G A T T A 3 T3 ^ ^ A 3 + T 3 
E. japonica ^ ^ ^ 4 0 J ^ 
E. sinensis 27.6 35.1 20.8 16.5 62.7 39.2 41.4 15.6 3.8 80.6 
E. hepuensis 27.1 36.4 19.7 16.8 63.5 37.6 44.6 12.9 4.8 82.2 
E. formosa 25.6 35.8 20.8 17.7 61.4 33.3 43.5 15.6 7.5 76.8 
E. leptognathus 28.5 38.9 16.5 16.1 67.4 41.9 47.8 7.5 2.7 89.7 
Mean ^ “ “ ^ m i o ^ ^ 4 ^ 6 ^ 
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2000). The pattern of nucleotide substi tutions of COI gene also favored transit ions over 
t ransversions with ts/tv ratio ranged f rom as low as 0.86 between E. japonica and E. 
leptognathus to as high as 7.67 between E. sinensis and E. japonica (mean 二 1.92) (Table 
4.6). The trend is concordant with previous observat ions in insect m t D N A where there is 
a strong bias for transitional substi tutions between closely related species, with a loss of 
this bias be tween more distantly related species (Gleason et al., 1997). This trend has 
been explained by the fast saturation of transitions due to strong biases in both base 
composi t ion and substi tution pattern (Palumbi and Benzie, 1991; Hillis et al., 1996). 
The results of Modeltest 3.0 suggest the most appropriate model of D N A 
substi tut ion was the general t ime-reversible (GTR) (Lanave et al., 1984) incorporat ing 
invariant site (I). Resul ts of the tests and the final parameters est imated f rom the data are 
listed in Table 4.3. The sequence divergence using GTR+I method is shown in Table 4.7. 
The sequence divergences among E. sinensis, E. hepuensis and E. japonica are small 
(4 .9-5.3%), indicat ing that these three species are genetically similar. E. formosa and E. 
leptognathus exhibi t a large sequence divergence when compar ing to other three 
Eriocheir species (13.7-16.2%). The two outgroup species Gaetice ciepressus and 
Hemigrapsus nudus exhibit largest sequence divergence when compar ing to the genus 
Eriocheir {\9.6-213Vo). 
While the nucleot ide sequence divergence shows a great d i f fe rence be tween 
species, absolute conservat ion was observed at amino acid level of the COI gene. There 
are no variat ions in amino acid sequences of the seven species studied a m o n g f ive species 
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Table 4.6 N u m b e r of transitions (above diagonal) against t ransversions (below 
diagonal) in partial sequence of mitochondrial cytochrome oxidase I (COI) gene for 
phylogenet ic study of Eriocheir. 
E. Japomca E. sinensis E. hepuensis E. formosa E. leptognathus 
E. Japomca S 47 S 
E. sinensis 3 23 52 38 
E. hepuensis 4 5 50 36 
E. formosa 2 1 2 2 2 1 4 9 
E. leptognathus 38 41 38 35 
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Table 4.7 Est imate of genetic divergence based on general t ime-reversible method 
(above diagonal) and uncorrected ("p") distance (below diagonal) in partial sequences of 
mitochondrial cy tochrome oxidase I (COI) gene of Eriocheir. Data are expressed as 
percentage. 
E3 ^ m EF EL W HU 
4 7 \3J 2M ^ 
ES 4.7 5.3 15.1 16.2 22.5 25.2 
EH 4.5 5.0 14.3 14.9 21.3 27.3 
EF 12.2 13.3 12.7 17.3 20.0 27.3 
EL 12.7 14.2 13.3 15.1 19.6 22.8 
G D 17.2 18.6 17.9 17.0 16.5 22.1 
H U 20.7 20.6 22.0 18.9 19.1 18.6 
Abbrevia t ions: 
EJ: E. japonica 
ES: E. sinensis 
EH: E. hepuemis 
EF: E. formosa 
EL: E. leptognathus 
GD: Gaetice depressus 
HU: Hemigrapsus nudus 
61 
of Eriocheir (Figure 4.4). Only three variations are observed between Eriocheir and the 
two outgroup species. 
4.1.5 Genet ic variabili ty in mitten crabs based on complete sequences of ITS-1 gene 
On average, 313 base pairs (bp) of ITS- l gene were determined f rom 14 
individuals of f ive Eriocheir species (Figure 4.5). From the sequences obtained, 42 bases 
showed nucleot ide substi tutions in al least one of the species, 8 (19%) of them being 
pars imony informat ive sites. Apart f rom nucleotide changes, there were 14 one-base, two 
two-base , two three-base and one four-base insertion/deletion changes among mitten 
crabs. Short gaps of one-base most f requently occurred among E. sinensis, E, hepuemis 
and E. japonica. And the longer gaps of two to four bases occurred when adding E. 
formosa and E. leptognathus in the comparison. This suggests that in the evolut ion of 
Eriocheir, E. formosa and E. leptognathus may be quite different f rom the other species. 
In addit ion to insert ion/deletion changes, nine polymorphic sites were also found in this 
data set. 
The base composi t ion for ITS-l sequences is shown in Table 4.8. The average 
base f requencies are 18.0%A, 23 .6%T, 27 .9%C and 30 .6%G (G+C = 58.5%), indicating 
a small G C bias (Table 4.8). This is consistent with previous reports of other marine 
invertebrates (Medina et al., 1999). The result, however , does not agree with previous 
reports on the crayf ishes {Orcomctes sp. and Procambarus sp.) that showed no bias in 
the G C content of the ITS- l gene (Harris and Crandall , 2000). Accord ing to the pai rwise 
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Figure 4.4 A m i n o acid sequence of mitochondrial cytochrome oxidase I (COI) gene in 
Eriocheir. The genetic code used to deduce amino acid sequence f rom nucleot ide sequence 
is based on the m o d e of Drosophila mitochondrial DNA. Dots indicate nucleot ide identity 
to E. sinensis ( top row), and quest ion mark indicates missing data. Abbrevia t ions for the 
species are shown in Table 4.7. 
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ES MGTTTCCGT AGGTGAACCT GCGGMGGAT CATTAACGTG TTTGCCCGAC GCTGGCAAAG ACCAAAACCA 
EH 
E J 二 二二二 二二二 
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Figure 4.5 Al igned sequences of nuclear r ibosomal ITS-1 gene in Eriocheir. Dots 
indicate nucleot ide identity to E. sinensis (top row), dashes indicate gaps introduced to the 
sequences for a l ignment and quest ion mark indicates miss ing data. Bases underl ined were 
the pr imer sequences and bases bolded were the sequences located in 18S r R N A gene at 5 ' 
end and sequences located in 5.8S at 3’ end. M, K and Y stand for sites with 
po lymorph i sm where M represent site with either A or C, K represent site with either G or 
T and Y represent site with either C or T. Abbrevia t ions for the species are shown in Table 
4.7. 
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Table 4.8 Base composi t ion of nuclear r ibosomal ITS-1 gene sequences. Data are 
expressed as percentage. 
Species Nucleot ide composi t ion (%) 
A T C G 
E. japonica ISl ^ ^ ^ 
E. sinensis 18.0 24.0 28.1 29.9 
E. hepuensis 18.0 23.8 28.6 29.6 
E. formosa 18.1 23.3 26.1 32.5 
E. leptognathus 17.8 22.8 27.7 31.7 
Mean ^ 2 1 ^ ^ 
65 
number of transit ions and transversions among five Eriocheir species studied, it is not 
clear that whether the pattern of nucleotide substitutions favored transit ions or 
t ransversions with a ratio of transit ion/transversion (ts/tv) of about 0.8 (Table 4.9). 
The results of Modeltest 3.0 suggest the most appropriate model of D N A 
substi tut ion was the model of Felsenstein (1981) (F81). Results of the tests and the final 
parameters est imated f rom the data are listed in Table 4.3. The sequence divergence 
using F81 method is shown in Table 4.10. The sequence divergence be tween E. sinensis 
and E. hepuensis is very small (0 .33%), indicating that these two species are genetically 
similar. E. japonica is also closely related to E. sinensis and E. hepuensis. The sequence 
divergence be tween them is very small (0.33 - 1.3%). E. formosa and E. leptognathus 
exhibit the largest sequence divergence when compar ing lo other three Eriocheir species 
(4.86 - 9 .77%). 
4.1.6 Phylogenet ic analysis 
4.1.6.1 Phylogenet ic analysis based on 16S r D N A sequences 
Based on the distance matrix (Table 4.4), neighbor- joining analysis of 16S r R N A 
gene was pe r fo rmed . Figure 4.6 shows a neighbor- jo ining (NJ) tree of 16S r D N A 
sequences with boots t rap probabili ty (BP) of 500 replicates. E. sinensis, E. hepuensis and 
E. japonica f o rm a clade in the NJ tree with 100% bootstrap probabil i ty. 
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Table 4.9 N u m b e r of transitions (above diagonal) against t ransversions (below 
diagonal) of ITS-1 gene of Eriocheir. 
E. japonica E. sinensis E. hepuensis E. formosa E. leptognathus 
E. japonica — 0 0 5 “ f ] “ 
E. sinensis 0 0 5 " 
E. hepuensis 0 0 5 11 
E. formosa 6 6 6 g 
E. leptognathus 14 14 14 13 
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Table 4 .10 Est imate of genetic divergence based on the model of Felsenstein (1981) 
(above diagonal) and uncorrected ("p") distance (below diagonal) f rom sequences of 
nuclear r ibosomal ITS-1 gene of Eriocheir. Data are expressed as percentage. 
E. japonica E. sinensis E. hepuensis E. formosa E. leptognathus 
E. japonica 0 J 3 U O ^ 
E. sinensis 0.33 0.33 5.76 9.11 
E. hepuensis 1.30 0.33 4 93 8 83 
E. formosa 4.71 5.53 4.77 9 75 
E. leptognathus 8.21 9.15 8.32 9.12 
68 
E. sinensis 
1 0 0 c A 
jQQ ‘ E . heouensis 
L E. japonica 
• E. formosa 
100 Sesarrna ayatum 




Figure 4.6 Neighbor- jo in ing tree of Eriocheir based on mitochondrial 16S r R N A gene 
sequences . Genet ic dis tances calculated using Hasegawa-Kish ino-Yano model (Hasegawa 




Heurist ic，branch-and-bound and exhaust ive searches of m a x i m u m pars imony 
analysis generate the same m o s t - p a r s i励n i o u s tree. Figure 4.7 shows the trees with the 
boots t rap values f rom 500 replicates. E. sinensis, E. hepuensis and E. japonica form a 
clade in the tree with 100% of BP. 
M a x i 画 m likelihood (ML) analysis of 16S r D N A sequences generates a similar 
tree topology as M P tree (Figure 4.7). Most of the branches in M L tree are significant . E. 
E. hepuensis and E. japonica fo rm a clade with 100% bootstrap probabil i ty. 
4.1.6.2 Phylogenet ic analysis hased on rOT gene segnenrpc； 
Neighbor- jo in ing analysis of COI sequences resolved a 励n o p h y l e t i c clade for 
E r — e i r . Figure 4.8 shows a neighbor- joining (NJ) tree of COI sequences with boots t rap 
probabi l i ty of 500 replicates. There is 94% bootstrap probabil i ty support ing the 
monphy ly of the clade of Eriocheir. E. sinensis and E_ hepuensis fo rm a clade of the NJ 
tree wi th 6 5 % BP. E. japonica is closely related to E. sinensis and E. hepuensis with 
lOOo/o B P support ing the clade fo rmed by these three species. E. leptognathus is the 
deepest branch in the clade of Eriocheir with 6 6 % BP support ing its separat ion f r o m the 




1 ⑷ E. hepuensis 
E. japonica 
_1122_ E. formosa 
100 
Sesarma ayatum 
1 0 0 
100 Sesarma bidentatum 
Pachygrapsus transversus 
Figure 4.7 5 0 % major i ty rule consensus of most pars imonious tree (tree length 二 99; 
consis tency index (CI) = 0.99; retention index (RI) = 0.833) and that of m a x i m u m 
likel ihood tree of Eriocheir based on partial mitochondrial 16S r R N A gene sequences with 
a heuris t ic search of 100 random sequence additions. N u m b e r s on the branches are values 
of statistical suppor t for the mos t pars imonious tree (indicated above the internode 
branches) and m a x i m u m likelihood tree (indicated be low the internode branches) based on 
500 boost rap replicates. 
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Figure 4.8 Neighbor- jo in ing tree of Eriocheir based on mitochondria l cy tochrome 
oxidase I (COI) gene sequences. Genet ic distances calculated using general t ime-revers ible 
mode l are shown in Table 4.7. N u m b e r s at each branch are bootstrap values (500 
replicates). 
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Hemis t ic , branch-and-bound search of m a x i m u m parsimony analysis generated 
the same most pars imonious tree. Figure 4.9 shows the most pars imonious (MP) tree with 
the bootstrap values f rom 500 replicates. The topology of M P tree is the same as the NJ 
tree. The relat ionship among the species was clearly resolved in both analyses. 
M a x i m u m likelihood (ML) analysis of COI sequences generates a same tree 
topology as M P tree (Figure 4.10). All the branches in M L tree were significant. Five 
species of Eriocheir again form a clade with 95% BP. The two oiitgroup species, Gaetice 
depressus and Hemigrapsus nudus, form another clade but the boots t rap value is be low 
50o/o. Figure 4.9 shows the m a x i m u m likelihood tree with the bootstrap values f r o m 500 
replicates，and branches with bootstrap values of less than 50% were col lapsed. 
4-1 -6.3 Fhvlogenet ic analysis based on TTS-1 gene sequenr.e^； 
Based on the distance matr ix (Table 4.9), neighbor- joining analysis of ITS-1 gene 
was pe r fo rmed . Figure 4.11 shows a neighbor- joining (NJ) tree of ITS-1 sequences with 
boots t rap probabil i ty (BP) of 500 replicates. E. sinensis and E‘ hepuensis fo rm a clade of 
the N J tree wi th 9 5 % bootstrap probabil i ty support ing the clade. E. japonica is closely 
related to E. sinensis and E. hepuensis. These three species fo rm a cluster with 9 2 % BP 
value. E. leptognathus was found to be the deepest branch in NJ tree. 
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乃 E. sinensis 
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99 E. hepuensis 
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64 E. japonica 
69 
77 E. formosa 
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E. leptognathus 
"“ Gaetice depressus 
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Figure 4.9 The most pars imonious tree (tree length = 280; consis tency index ( C I ) = 
0.793; retention index (RI) = 0.59) and m a x i m u m likelihood tree of Eriocheir based on 
partial mi tochondr ia l cy tochrome oxidase I (COI) gene sequences with a heurist ic search 
of 100 random sequence additions. Number s on the branches are values of statistical 
support for the mos t pars imonious tree (indicated above the internode branches) and 










F i g u r e 4 . 1 0 M a x i m u m l ike l ihood t ree o f Eriocheir b a s e d on par t ia l m i t o c h o n d r i a l 
c y t o c h r o m e o x i d a s e I ( C O I ) g e n e s e q u e n c e s w i t h a heur i s t i c s ea rch o f 100 r a n d o m 
s e q u e n c e add i t i ons . 
7 5 
E. hepuensis 
92 ~ E. sinensis 
E. japonica 
E. formosa 
• E. leptognathus 
I — — I 
0.01 
Figure 4.11 Neighbor- jo in ing tree of Eriocheir based on nuclear r ibosomal ITS- l gene 
sequences . Genet ic dis tances calculated using model of Felsenstein (F81) are shown in 
Table 4.10. N u m b e r s at each branch are bootstrap values (500 replicates). 
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Heuristic, branch-and-bound and exhaust ive searches of m a x i m u m parsimony 
analysis generate a single most -pars imonious tree. Figure 4.12 shows the most 
pars imonious (MP) tree with the bootstrap values f rom 500 replicates. E. sinensis and E. 
hepuensis fo rm a clade in the tree with 89% of BP. 
M a x i m u m likelihood (ML) analysis of ITS- l sequences generates a M L tree with 
the same topology as the M P tree. Figure 4.12 shows the M L tree with the bootstrap 
values f rom 500 replicates. 
4.2 Populat ion genetic study of E. sinensis 
4.2.1 PGR products and intraspecific variation of mitochondrial COI gene for 
populat ion genetic study of E. sinensis 
Segments of COI gene sequences were amplif ied f rom individuals in 6 
popula t ions of E. sinensis. The amplif ied segment of COI gene was about 710 bp. The 
COI gene sequences of E. hepuensis and E. formosa were used as the outgroup in 
popula t ion genet ic study of E. sinensis. N u m b e r of individuals studied are listed in Table 
3.1. 
Ill 25 individuals of E. sinensis examined, a total of f ive haplo types were 
observed. T w o individuals of Liaohe populat ion and one individual of X i a m e n populat ion 
exhibi ted haplo type A. Three individuals of Liaohe populat ion and four individuals of 
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95 





Figure 4 .12 The most pars imonious tree (tree length = 39; consistency index (CI) = 1.0; 
retention index (RI) = 1.0) and m a x i m u m likelihood tree of Eriocheir based on nuclear 
r ibosomal ITS- l gene sequences. N u m b e r s on the branches are values of statistical support 
for the mos t pars imonious tree (indicated above the inlernode branches) and m a x i m u m 
l ikel ihood tree (indicated below the internode branches) based on 500 boost rap replicates. 
78 
Xiamen populat ion exhibited haplotype B. One individual of Xiamen populat ion 
generates haplotypes C. The four individuals of Changj iang, two individuals of Belg ium 
and two individuals of Thames River populat ion shared the same haplotype D. One 
individual of Thames River and f ive individuals of San Francisco Bay populat ions shared 
the same haplotype E. As a result, there are f ive different haplotypes present in six 
populat ions ofE. sinensis (Table 4.11). The distribution of populat ions on each haplotype 
is illustrated in Figure 4.13. 
4.2.2 Genet ic variabili ty in E. sinensis based on partial sequences of COI gene 
534 bp of COI sequences were unambiguous ly determined f rom five haplotypes 
studied (Figure 4.14). Of the COI sequences determined, 4 variable sites are evenly 
distr ibuted over the length of the sequences. The base composi t ion of COI as a whole is 
also A T rich (mean values 27 .6%A, 34 .9%T, 20 .7%C and 16.8%G, A + T = 62.5%) 
(Table 4.12). The bias is highest at the third posit ions, with mean values of 40 .1%A, 
41.80/oT, 15 .0%C and 3 .2%G (Table 4.12). This shows that there is imderrepresentat ion 
of G at the third posit ions, which is similar to COI sequences data for phylogenet ic study 
and previous reports on other invertebrates. The pattern of nucleot ide subst i tut ions of 
COI gene also favored transit ions over t ransversions (Table 4.13). There is no 
t ransvers ions a m o n g all haplotypes. 
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Table 4.11 Matrix of variable nucleotide posit ions among haplotypes (A to E) of E. 
sinensis. Haplotypes are compared with consensus haplotype A (* identical sites; A, C, G 
and T type of nucleot ide substitution ident ifying variant sites). 
Nucleot ide Posit ion 
Haplo type N u m b e r of individuals " T ^ m ^ ^ 
" A 3 A C A C 
B 7 * * G T 
C I * T G * 
D 8 * * G * 
E 6 G * * * 
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© €)⑩ 
Haplotype A Haplotype B Haplotype C 
N:3 N=7 N=1 
①（3 
Haplotype D Haplotype E 
N=8 N=6 
I Liaohe population • Belgium population 
國 Changjiang population • Thames River population 
I Xiamen DODula t ion • San Francisco Bay popultion 
Figure 4.13 Distribution of populations in each haplotype. Haplotypes are labeled 
as in table 4.11. N i s the number of individuals in each haplotype. 
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A ATT CGA GCT GAA TTA AGA CAA CCA GGC AGA CTA ATT GGT AAC GAT CAA ATT TAT AAT 
B 
C " 二 
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A ATT GGT GGA TTT GGC AAC TGA CTT GTC CCT CTT ATA CTA GGG GCC CCA GAT ATA GCT 
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Figure 4 .14 Al igned sequences of mitochondrial cy tochrome oxidase I (COI) gene in E. 
sinensis. Dots indicate nucleot ide identity to haplotype A (top row), and quest ion mark 
indicates miss ing data. Haplotypes (A to E) are labeled as in Table 4.11. 
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Figure 4.14 Continued. 
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Table 4.12 Base composi t ion of mitochondrial cy tochrome oxidase I (COI) sequences 
for populat ion genetic study on E. sinensis. Data are expressed as percentage. 
Abbrevia t ions for the species are shown in Table 4.11. 
Species Nucleot ide composi t ion (%) Bases at third posit ion (%) 
~A T C G X ^ T A3 T3 O « A3+T3 
" A W l ^ 1 6 . 7 62.5 40.4 41.6 1 5 . 2 ^ ^ 
B 27.5 35.0 20.6 16.9 62.5 39.9 42.1 14.6 3.4 82.0 
C 27.6 34.9 20.6 16.9 62.5 39.9 42.1 14.6 3.4 82.0 
D 27.5 34.8 20.8 16.9 62.3 39.9 41.6 15.2 3.4 81.5 
E 27.5 34.8 20.8 16.9 62.3 39.9 41.6 15.2 3.4 81.5 
M e a n T U ) ^ ^ f ^ ^ 4 ^ 8 ^ 
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Table 4.13 N u m b e r of transitions (above diagonal) against t ransversions (below 
diagonal) of COI gene of E. sinensis. Haplotypes (A to E) are labeled as in table 4.11. 
A B C D E E. hepuensis E. formosa 
~A 2 2 i i ^ 47 
B 0 2 1 3 21 47 
C 0 0 1 3 20 47 
D 0 0 0 2 21 48 
E 0 0 0 0 19 48 
E. hepuensis 5 5 5 5 5 46 
E. formosa 22 22 22 22 22 21 
85 
The results of Modeltest 3.0 suggest the most appropriate model of D N A 
substi tut ion was the Hasegawa-Kish ino-Yano model (HKY85) (Hasegawa et al., 1985). 
Resul ts of the tests and the final parameters estimated f rom the data are listed in Table 
4.3. The sequence divergence using I IKY85 model is shown in Table 4.14. General ly, 
nucleot ide divergences among populat ions of E. sinensis taxa were very small (0.2 -
0-6%). There are only four variable nucleotide posit ions among six haplotypes (Table 
4.11). 
4.2.3 Populat ion genetic analysis based on COI gene sequences 
Neighbor- jo in ing analysis of COI sequences resolved a monophyle t ic group for E. 
sinensis. Figure 4.15 shows a neighbor- joining (NJ) tree of COI sequences with bootstrap 
probabil i ty (BP) of 500 replicates. E. sinensis populat ions form a clade with 100% BP. 
However , the relat ionships among haplotypes within the clade were poorly resolved in 
ne ighbor- jo in ing analysis. Haplotype B, C and D form a clade with a very low boots trap 
value (52%). 
M a x i m u m pars imony analysis generated six most pars imonious trees with 
d i f ferent topologies . Figure 4.16 shows the 50% major i ty rule consensus of the six trees 
wi th the boots t rap values f rom 500 replicates, branches with boots t rap values of less than 
5 0 % were col lapsed. The relat ionship within the E. sinensis clade cannot be resolved. All 
the branches of E. sinensis are collapsed. The bootstrap value of 100% supports the 
monophy le t i c g roup of E. sinensis. 
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Table 4.14 Est imate of genetic divergence based on Hasegawa-Kish ino-Yano model 
( H K Y 8 5 ) in mitochondrial cytochrome oxidase I (COI) gene for populat ion genetic study 
on E. sinensis. Data are expressed as percentage. Haplotypes (A to E) are labeled as in 
table 4.11. 
A B C D E E. hepuensis E. formosa 
飞 M 0 4 ^ ^ 4：9 KG 
B 0.4 0.2 0.6 5.3 14.6 
C 0.2 0.6 4.9 14.6 
D 0.4 5.1 14.8 
E 4.7 14.8 
E. hepuensis | 
E. formosa 
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- Haplotype D 
^ r — Haplotype B 
100 L Haplotype C 
Haplotype A 
Im 
L Haplotype E 
E. hepuensis 
£ formosa 
I — — I 
0.01 
Figure 4.15 Neighbor- jo in ing tree of E. sinensis based on mitochondria l cy tochrome 
oxidase I (COI) gene sequences. Genet ic distances calculated using Hasegawa-Kish ino-
Yano model (Hasegawa et al.，1985) are shown in Table 4.14. N u m b e r s at each branch are 




M Haplotype C 
Haplotype D 
Haplotype E 
“ E. hepuensis 
E. japonica 
Figure 4 .16 The most pars imonious tree (tree length = 102; consis tency index ( C I ) = 
0.873; retention index (RI) = 0.794) of five haplotypes of E. sinensis based on partial 
mi tochondr ia l cy tochrome oxidase I (COI) gene sequences with a heurist ic search of 100 
random sequence additions. N u m b e r s on the branches are values of statistical support for 
the most pars imonious tree (indicated above the internode branches) based on 500 boostrap 
replicates. Haplo types (A to E) are labeled as in Table 4.11. 
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Maximum likelihood (ML) analysis of COI sequences generates a single ML tree. 
Figure 4.17 shows the ML tree with the bootstrap values from 500 replicates, branches 
with bootstrap values of less than 50% were collapsed. The topology of ML tree are 
similar to the NJ tree with haplotypes B, C and D form a clade. 
Figure 4.18 shows a network of phylogenetic relationships among all haplotypes. 
The network is radial in structure and the haplotypes are closely related. According to 
Crandall and Templeton (1993), the most recent common ancestor within a network 
should be both geographically widespread and has the most number of haplotypic 
connections. The most probable candidate should be haplotype D that appears in the all 
the individuals of Changjiang and Belgium populations and 66% of Thames River 
population. Since only Changjiang population is the native population with haplotype E， 











Figure 4 .17 The m a x i m u m likelihood tree of f ive haplotypes of E. sinensis based on 
partial mi tochondria l cy tochrome oxidase I (COI) gene sequences with a heurist ic search 
o f 100 r andom sequence additions. Number s on the branches are values of statistical 
support for the m a x i m u m likelihood tree (indicated above the internode branches) based on 
500 boos t rap replicates. Haplotypes (A to E) are labeled as in Table 4.11. 
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Figure 4.18 Network of phylogenetic relationships among all haplotypes. Haplotypes 
are joined by least number of substitutions between all possible sequence comparisons. 
Cross on bar between two haplotypes stands for one mutation. Size of haplotypes 
illustrates relative frequency within sample (small circles = one population; intermediate 
circles = two populations; large circle = three populations). Haplotypes (A lo E) are labeled 




5.1 Phylogeny of Eriocheir 
The combinat ion of sequences f rom two mitochondria丨 genes and one nuclear 
gene, a comple te sampl ing of species f rom the entire Eriocheir s.l. genus, and the use of 
power fu l phylogenet ic analysis and tests has yielded a relatively clear and wel l -supported 
pattern of phylogenet ic relat ionships among Eriocheir s.l. 
5.1.1 Phylogenet ic relat ionships 
From all the trees obtained f rom the three genes, E. japonica, E. sinensis and E. 
hepuensis f o rmed a clade with very high bootstrap value (>90%), indicat ing that these 
three species are closely related. Li el al. (1993) conducted a morphomet r ic and a l lozyme 
study on E. japonica, E. sinensis and E. hepuensis in southern China. Their result 
indicated that all the samples of these three taxa belong to the same species and should be 
called E. japonica. A m o n g all the trees obtained in this study, the neighbor joining tree, 
m a x i m u m pars imonious tree and m a x i m u m likelihood tree of Eriocheir based on COI 
gene sequences reveal that E. hepuensis and E. sinensis fo rm a clade wi th over 6 5 % 
boots t rap value. A higher bootstrap value (85% f rom m a x i m u m pars imonious tree and 
9 5 % f r o m neighbor jo in ing and m a x i m u m likelihood trees) support ing E. hepuensis and 
E. sinensis was obtained based on analysis of the ITS- l gene. It is not clear whe ther E. 
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hepuensis is a distinct species f rom E. sinensis based on the results of 16S r R N A or ITS-1 
gene in this study. The 16S r R N A gene of the two species is identical and the nucleot ide 
divergence of ITS-1 gene between the two is extremely low (0.33%). Yet based on COI 
sequence，it is clear that E. hepuemis is not a populat ion of £ sinensis even though the 
genetic d ivergence between them is very low. The nucleotide divergences of COI gene 
among six populat ions of E. sinensis range f rom 0 to 0.6%. The results are 腿 c h lower 
than the COI divergence between E. sinensis and E. hepuensis (5.26%). It is interesting to 
note that the nucleot ide divergence between E. hepuensis and E. japomca is 4 .68%, 
indicat ing that E. hepuemis is more closely related to E. japomca. The result is in accord 
with D a i ' s (1991) that first described E. hepuensis as a subspecies of E. Japomca. 
Accord ing to Dai ( 1 9 9 1 ) , ^ . hejmensis should be more closely related to E. japomca than 
to E. sinemis. However , different phylogenet ic analyses based on the three genes indicate 
that E. japonica, E. sinensis and E. hepuensis are closely related to each other with E. 
and E. hepuensis probably more closely related. Li et al. (1993) suggested that 
based on 15 morphologica l traits and 27 gene loci, both E. sinensis and E. hepuensis 
should be regarded as synonyms of E. japonica. COI gene results of the present study 
suggest that E. japonica, E. sinensis and E. hepuensis are distinct species as the 
nucleot ide d ivergences of this gene are similar to the divergences be tween closely related 
crustacean species such as Metapenaeopsis species (6.1 — 19.9%) ( l o n g et al., 2000) and 
Sesarma species (mean genetic distance a m o n g 17 species 二 5 .2%) (Schubar t et al., 
1998). The result in this study also supports Guo et a l . ' s (1997) morphologica l and 
morphomet r i c s tudy on E. japonica, E. sinensis and E. hepuensis, regarding E. hepuensis 
as a valid species. 
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Consider ing the sequence divergences among the five species of Eriocheir s.l., it 
is clearly revealed that both E. formosa and E. leptognalhus are genetically distinct f rom 
the other three Eriocheir species. And E. leptognathus is the most distantly related 
species in the clade. These results also support previous morphological and morphomet r ic 
studies (Guo et al., 1997; N g et al., 1999) that E. formosa and E. leptognathus are distinct 
f r o m the other three Eriocheir species. 
Af te r combin ing the sequences of Eriocheir with those f rom other species of the 
family Graps idae including Sesanna ayatwn, Sesarma bidentatwn ( subfamily Sesaiminae) 
and P achy grapsus transverses ( subfamily Grapsinae) for 16S gene analysis, and Gaetice 
depressus ( subfamily Varuninae) and Hemigrapsus nudus ( subfamily Varuninae) for COI 
gene analysis, the mitten crabs form a monophyle t ic group. Yet the conclusion that 
Eriocheir s.l. is monophyle t ic should be accepted with caution because Varuna 
(Grapsidae, Varuninae) , which is considered to be the closest genus to Eriocheir, was not 
included in this study. At tempts to obtain sequences f rom Varuna fai led due to 
diff icul t ies in P C R of the target genes. 
5.1.2 T a x o n o m i c implicat ions 
Phylogenet ic relat ionships observed form different analysis f rom the three genes 
studied have important implicat ions on the t axonomy of the mit ten crabs. Based on 
morphologica l data, E. leptognathus is referred to be a new monotyp ic genus named 
Neoeriocheir by Sakai (1983). The status of this genus was supported by G u o et al. (1997) 
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and N g et al. (1999). For E. formosa, Guo et al. (1997) stated that it possesses so many 
apomorph ic features that it cannot be retained in Eriocheir and was referred lo its own 
genus which was later named by N g et al. (1999) as Platyeriocheir. Should the clade of 
Eriocheir s.l. group observed in this study be regarded as a single genus or three dif ferent 
genera as proposed by Guo et al. (1997) and N g et al. (1999)? W e can gain some insights 
to the answer of this question by compar ing the nucleotide divergences between 
Eriocheir to that of the other congeneric crustacean species. 
Est imates of genetic divergence based on 16S r R N A gene sequences a m o n g four 
species of Eriocheir {E. japonica, E. sinensis, E. hepuensis and E. formosa) range f rom 0 
to 7 .3%. The sequence divergence obtained f rom the same portion of the 16S r R N A gene 
in this s tudy a m o n g seven Metapenaeopsis species ranges f rom 2.4 to 11.8% (Tong et al., 
2000) . And the sequence divergences of this gene were found to be as low as 0.3 to up to 
2 2 % a m o n g 19 Penaeus s.l. species (Lavery et al., submitted). 
Es t imates of genetic divergence based on COI gene sequences a m o n g the f ive 
species of Eriocheir s.l. ranges f rom 4.68 to 17.33%. For other crustacean studies, the 
pr imers of ten used was COI a and f (Palumbi , 1996) or nested within the segment that 
this pair of pr imers amplif ies . The nucleot ide divergences ranging f rom 12.2 to 23 .3% are 
observed a m o n g six Emerila species (Tarn et al., 1996), and 6.1 to 19.9% are observed 
among seven Metapenaeopsis species (Tong et al., 2000). The sequence d ivergences 
were found to be as low as 2.1 to up to 2 5 % among 19 Penaeus s.l. species (Lavery et al., 
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submitted) . The sequence divergences among nine Cancer species range f rom 7.2 to 
17.2% (Harr ison and Crespi, 1999a). 
For the ITS- l gene, the nucleot ide divergences among five species of Eriocheir s.l. 
range f r o m 0.33 to 9.14%. Relatively small nucleotide divergences (1.7 - 3 .0%) were 
found in seven crayf ish species (Harris and Crandall , 2000). Yet much greater nucleot ide 
divergences were observed among three Sacciilina species range f rom 23 to 56% 
(Murphy and Goggin , 2000). 
Ill conclusion, the nucleotide divergences among the five species of Eriocheir in 
this study are within the nucleotide divergences among congeneric species of other 
crustacean groups. It seems more appropriate to retain the five monophyle t ic taxa of 
mit ten crabs in a single genus (Figure 5.1). 
5.1.3 Evolut ionary history of Eriocheir 
In order to est imate the divergence t ime of Eriocheir, it is necessary to es t imate 
the rates of base substi tut ion in the two mitochondrial genes examined in this study. For 
16S r R N A gene, the most applicable est imates for calculat ion of the d ivergence t ime are 
those of Schubar t et al. (2000) who est imated a rate of 0 .38% per Myr for anomuran 
crabs based on Cunn ingham et a l . ' s (1992) result, and of Schubart et al. (1998) who 
es t imated a rate of 0.65 to 0 .88% per Myr for Sesarma. For COI gene, a variety of rates 
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suggested a rate of 1.4% per Myr for Alpheus species. Baldwin et al. (1998) est imated a 
rate for COI in Penaeus species of 3% per Myr. Schubarl el al. (1998) est imated a rale of 
1.70/0 for Sesarma species. In this study, the molecular rates of 16S and COI genes f rom 
Schubart et al. (1998) were adopted, because Sesarma is the most related genus to 
Eriocheir among all the genera stated above as the two genera belongs to the same family. 
And uncorrected nucleot ide divergences of 16S r D N A and COI genes were used to 
calculate the divergence t ime based on 0.65 to 0 .88%/myr and 1.4%/myr respectively. It 
is worth to note that since the substitution rate are calculated based on species other than 
Eriocheir and the est imate of divergence t ime is a lways a diff icul t task, the divergence 
t ime to be discussed below can only be regarded as rough estimates. 
Based on COI sequences, it was est imated that Eriocheir separated f rom Gaetice 
depressus (Grapsidae, Varuninae) 9.7 to 10.9 mill ion years ago. Eriocheir might have 
arisen at a later date because Gaetice depressus is not the closest related genus to 
Eriocheir. E. formosa separated f rom E. leplognallws 7.5 to 8.9 mill ion years ago. The 
separat ion of E. formosa f r om E. japonica, E. sinensis and E. hepuensis occurred 7.2 to 
8.9 mil l ion years ago. Based on the 16S r D N A sequence data, E. formosa separated f rom 
E. japonica, E. sinensis and E. hepuensis 6.7 to 7.6 mil l ion years ago based on the 
est imated rate of 0 .88% per Myr , or 9.1 to 10.3 mil l ion years ago based on the rate of 
0 .65% per Myr . Speciat ion events giving rise to E. japonica, E. sinensis and E. hepuensis 
occurred 2.9 to 2.6 mil l ion years ago based on COI sequences data, or 0.26 to 0.35 
mil l ion years ago based on 16S r D N A sequences data. The est imated d ivergence t ime 
suggests a recent origin for E. sinensis, E. hepuensis and E. japonica. The results here 
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show that the divergence t ime calculated based on 16S r D N A gene are dif ferent f rom the 
one based on COI gene. It is due to the 16S r D N A gene is more conserved than the COI 
gene, thus not many mutat ion event occurred in this gene. As a result, the divergence 
t ime calculated based on the 16S r D N A gene is small than that of the COI gene. 
Accord ing to the divergence t ime calculated based on the result in this study, the 
genus Eriocheir arose in the Late Miocene, and the basal taxon is E. leptognathus. E. 
formosa, arose at the same period, is endemic to eastern Taiwan and is thus 
geographical ly separated f rom other Eriocheir species. The major i ty of the diversif icat ion 
within the three closely related species in this genus {E. japonica, E. sinensis and E. 
hepuensis) appeared by the late Pliocene. They evolved during a relatively short t ime 
span only about 3 mill ion years ago or late Pleistocene, 0.26 to 0.35 Myr . Mar ine 
congener ic species thai appear af ter the closure of the Panama land bridge (3.1 Myr ago) 
are ecological ly and morphologica l ly very similar (Abele, 1992). These three species of 
Eriocheir are morphologica l ly very similar to each other. Li et al. (1993) stated that both 
E. sinensis and E. hepuensis should be regarded as synonyms of E. japonica based on 
morphomet r i c and a l lozyme analysis. Yet the morphology of the other two Eriocheir 
species is distinct f r om these three closely related species. The evolut ion of the three 
closely related species is apparently related to recent glacial periods. Dur ing the glacial 
per iod, the ice sheet covered the whole area of China and Japan. There may be then a 
single species inhabit ing southern Japan and southern China. Af te r a glacial period, the 
retreat of ice sheet would increase the range of habitat leading to separated popula t ions of 
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mitten crabs. The populat ions in different areas then might be reproductively isolated, 
giving rise to new species. 
5.2 Populat ion study on E. sinensis 
There have been some R A P D and isozyme works on the populat ion genetics of E. 
sinensis (e.g. Xu, 1996; Qiii et al., 1997; Gao and Zhou, 1998). However , these 
researches cannot provide a clear picture on the populat ion structure of E. sinensis. The 
present study a imed to provide a prel iminary analysis on the populat ion genetics of native 
and introduced populat ions of E. sinensis. In this study, only the mitochondrial COI gene 
was used. Since the genetic divergence of COI gene is the highest one among the three 
genes used in the phylogenet ic study. 
5.2.1 Genet ic variat ion be tween Chinese populat ions 
The COI sequences f rom 15 individuals of native populat ions show a very low 
nucleot ide d ivergence (0.2 - 0 .4%), indicating that Liaohe, Chang j iang and X i a m e n 
popula t ions are very closely related to each other. Some of the individuals of Liaohe and 
Xiamen popula t ions are genetically identical (haplotypes A and B), implying that Liaohe 
and X i a m e n popula t ions may be more closely related to each other than to Chang j iang 
populat ion. The results disagree with the pattern expected f rom the geographic 
dis tr ibut ion of the popula t ions of E. sinensis. Yet the result is similar to C h i u ' s (1999) 
result based on a l lozyme analysis. The m a x i m u m pars imonious tree fails to reveal the 
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relat ionships among the populat ions studied. The neighbor jo in ing tree and m a x i m u m 
likelihood tree reveal that haplotype B, C and D form a clade. However , the relat ionships 
among these three populat ions are not clearly resolved f rom the COI gene sequence 
analysis. X u (1996) also indicated that al though there were some biochemical genetic 
variat ions among Liaohe, Changj iang and Ouj iang populat ions, the d i f ferences were not 
significant. Besides, the genetic different iat ion based on 22 putative enzyme-coding loci 
of the J apan ' s populat ion of E. japonica is small (Gao and Watanabe, 1998). Since E. 
sinensis has been sent throughout China for aquaculture (Guo et al., 1997； Qiu et al., 
1997), the nat ive populat ions may be already mixed. Therefore, it is diff icul t to detect 
genetic variat ion among natural populat ions. The extremely small nucleot ide d ivergences 
(only four variable sites) show that COI gene may not be sensitive enough to reveal the 
genetic relat ionship among the Chinese populat ions. And the sample sizes of each 
popula t ion are relatively small; only 4 to 6 individuals f rom each populat ions were 
studied. Therefore , in order to obtain a clear picture of the genetic relat ionship a m o n g the 
Chinese popula t ion of E. sinensis, more individuals f rom each populat ion and more 
sensit ive marker such as the control region are desirable. 
5.2.2 Genet ic variat ion between native and introduced populat ions 
The result of the prel iminary populat ion genetic study shows that individuals f rom 
Belg ium and T h a m e s River shared a haplotype with Changj iang populat ion, indicating 
that Chang j i ang popula t ion is the source populat ion of these two introduced European 
popula t ions . Panning (1939) suggested that E. sinensis were transported to G e r m a n y by 
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ballast water of commercial vessels from central or north Chinese ports. But it is too early 
to conclude that most European populations were introduced from Changjiang population. 
More populations f rom Europe (e.g. Poland, Germany, Portugal, Netherlands, and France) 
are required to identify the source population of all the European populations. 
There are two haplotypes found in Thames River populations. Only one of the 
haplotypes was shared with Changjiang population. It suggests that maybe there is more 
than one invasion event to Thames River. In fact, one individual of the Thames River 
population and San Francisco Bay population are genetically identical to each other 
(haplotype E). Haplotype E is only one mutation which separate it f rom haplotype A 
(Liaohe and Xiamen population) and two mutations from haplotype D (including 
Changjiang population) (Figure 4.17). Bui there is no haplotype found in native 
populations that is identical to haplotype E. Therefore, the source of these individuals 
f rom Thames River and San Francisco Bay is still unknown. The result also suggested 
that not only the Changjiang population had been introduced to Thames River, indicating 
that there may be more than one invasion. Only two to six individuals were studied in 
each population in this study. Further studies using a larger sample size are necessary to 




The present study aims to elucidate the phylogenet ic relat ionships of all taxa of 
mit ten crabs using a molecular approach and to investigate the populat ion genetics of E. 
sinensis. The conclusions of this study are as fol lows: 
1. E. sinensis and E. hepuensis are the most closely related species within 
Eriocheir s.l The nucleot ide divergence of ITS-1 gene be tween them is small 
(0 .33%). The 16S sequences of these two species are identical to each other. 
Yet it is clear that E. hepuensis is distinct f rom E. sinensis based on the 
analysis of COI sequences. The nucleot ide divergences of COI gene a m o n g 
six populat ions of E. sinensis range f rom 0 to 0.6%. They are very much 
lower than the COI divergence be tween E. sinensis and E. hepuensis (5 .26%). 
E. japonica, E. sinensis and E. hepuensis are closely related to each other. E. 
formosa and E. leptognalhus are less related to these three species and E. 
leptognathus is the most distantly related species a m o n g the five. 
2. Compar ing the sequences of Eriocheir with a number of species in family 
Graspidae, E. japonica, E. sinensis, E. hepuensis, E. formosa and E. 
leptognathus a lways comprise a monophyle t ic group. Since the genet ic 
d ivergences among the f ive species of Eriocheir are within the range of the 
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divergence among other congener ic crustacean species, it seems to be 
appropriate to group these f ive species in a single genus, Eriocheir, rather than 
separat ing them to three genera as suggested in a recent revision of this group. 
3. Est imat ion of divergence t imes suggest that mit ten crabs arose during the Late 
Miocene, 9.7 — 10.9 mil l ion years ago and E. formosa separate f rom E. 
leptognathus at the same period, 7.5 to 8.9 mil l ion years ago. The est imated 
divergence t ime supports a recent origin of E. sinensis, E. hepuensis and E. 
japonica. Speciation events occurred in the Late Pliocene, 2.6 — 2.9 mil l ion 
years ago. 
4. The populat ion study on E. sinensis shows that the nucleot ide d ivergences of 
COI gene among native populat ions are very small. The result suggested that 
Liaohe, Changj iang and Xiamen populat ions are very closely related to each 
other. The COI gene may be too conserved for populat ion dif ferent ia t ion of 
this species. 
5. Wi th regard to the introduced populat ions, individuals f rom Belgium, Thames 
River and Changj iang shared one haplotype, suggest ing that these two 
European populat ions were introduced f rom Changj iang . Yet some 
individuals f rom Thames River exhibit a haloptype identical to the haplotype 
identif ied in San Francisco Bay populat ion. Since this haloptype could not be 
105 




Abele, L. G. 1991. Compar ison of morphological and molecular phylogney of the 
Decapoda . Memoi r s of the Queensland Museum 31: 101-108. 
Abele , L. G. 1992. A reveiw of the grapsid crab genus Sesarrna (Crustacea: Decapoda: 
Grapsidae) in America , with the description of a n e w genus. Smithsonian 
Contr ibut ion of Zoology 527: 1-60. 
Abele , L. G., T. Spears, W. Kim, and M. A. Applegate . 1992. Phylogeny of selected 
maxi l lopodan and other crustacean taxa based on 18S r ibosomal nucleot ide 
sequences: a prel iminary analysis. Acta Zoologica 73: 373-382. 
Arnhe im, N.，M. Krystal , R. Schmickel , G. Wilson, 0 . Ryder , and E. Z immer . 1980. 
Molecular evidence for genetic exchanges among r ibosomal genes on 
nonhomologous ch romosomes in man and apes. Proceedings of the Nat ional 
A c a d e m y of Sciences, U S A 74: 4677-4680. 
Avise , J. C. 1986. Mitochondrial D N A and the evolut ionary genetics of higher animals . 
Phi losophical Transact ions of the Royal Society of London Series B Biological 
Sciences 312: 325-342. 
Avise , J. C. 1994. Molecular Markers , Natural History and Evolut ion. N e w York: 
C h a p m a n and Hall. 
Baldwin , J. D., A. L. Bass, B. W. Bowen, and W. H. Clark, Jr. 1998. Molecular 
phy logeny and b iogeography of the mar ine shr imp Penaeus. Molecula r 
Phylogenet ics and Evolut ion 10: 399-407. 
107 
Baur, A., M. Sanetra, N. Chalwatzis , A. Buschinger , and F. K. Z immermann . 1996. 
Sequence compar isons of the internal transcribed spacer region of r ibosomal 
genes support close relat ionships between parasitic ants and their respect ive host 
species (Hymenoptera : Formicidae) . Insectes Sociaux 43: 53-67. 
Bayer , R. J., D. E. Soltis, and P. S. Soltis. 1996. Phylogenetic inferences in Antennar ia 
(Asteraceae: Gnaphal ieae: Cassiniinae) based on sequences f rom nuclear 
r ibosomal D N A internal transcribed spacers (ITS). Amer ican Journal of Botany 
8 3 : 5 1 6 - 5 2 7 . 
Beauchamp, K. A., and D. A. Powers . 1996. Sequence variation of the first internal 
spacer (ITS-1) of r ibosomal D N A in ahermatypic corals f rom California. 
Molecular Mar ine Biology and Biotechnology 5: 357-362. 
Bert，T. M. 1986. Speciat ion in western Atlantic stone crabs (genus Menippe): the role of 
geological processes and cl imatic events in the format ion and distr ibution of 
species. Mar ine Biology 93: 157-170. 
Booton，G. C., L. K a u f m a n , M. Chandler , 0 . R. Oguto, W. Duan, and P. A. Fuerst . 1999. 
Evolut ion of the r ibosomal R N A internal transcribed spacer one (ITS-1) in cichlid 
f ishes of the Lake Victoria region. Molecular Phylogenet ics and Evolut ion 1 1 ： 
273-282. 
Brown, W. M., M. J. George, and A. C. Wilson. 1979. Rapid evolut ion of animal 
mi tochondr ia l D N A . Proceedings of the Nat ional Academy of Sciences, U S A 76: 
1967-1971. 
Bunting，T. E.，K. A. Plumley, B. B. Clarke, and B. I. Hi l lman. 1996. Ident if icat ion of 
Magnaporthe poae by PGR and examinat ion of its relat ionship to other fungi by 
analysis of their nuclear r D N A ITS-1 regions. Phytopathology 86: 398-404. 
108 
Caporale , D. A., B. F. Real, R. Roxby, and R. J. V. Beneden. 1997. Populat ion structure 
of Mya arenaria a long the N e w England coastline. Molecular Mar ine Biology and 
Biotechnology 6: 33-39. 
Carranza, S., J. Baguna, and M. Riutort. 1999. Origin and evolut ion of paralogous r R N A 
gene clusters within the f la tworm family Dugesi idae (Platyhelminthes, Tricladida). 
Journal of Molecular Evolut ion 49: 250-259. 
Chan, T. Y., M. S. Hung, and H. P. Yu. 1995. Identity of E/iocheir recta (St impson, 1858) 
(Decapoda: Brachyura) , with descript ion of a new mit ten crab f r o m Taiwan. 
Journal of Crustacean Biology 15: 301-308. 
Chii, K. H., C. P. Li, and H. Y. Ho. 2000. The first internal transcribed spacer ( I T S - l ) of 
r ibosomal R N A as a molecular marker for phylogenet ic and populat ion analyses 
in Crustacea. Mar ine Biotechnology: sumit ted for publication. 
Chili, C. X. 1999. R A P D analysis on three geographic populat ions of Eriocheir sinensis. 
S C O R E . (In Chinese) 
Clark, P. F., P. S. Rainbow, R. S. Robbins , B. Smith, W. E. Yeomans，M. Thomas , and G. 
Dobson. 1998. The alien Chinese mit ten crab, Eriocheir sinensis (Crustacea: 
Decapoda : Brachyura) , in the Thames catchment . Journal of the Mar ine 
• Biological Associat ion of the United Kingdom 78: 1215-1221. 
Cohen , A. N.，and J. T. Carlton. 1995. Biology study. Non ind igenous aquat ic species in a 
United States estuary: a case study of the biological invasions of the San 
Francisco Bay and Delta. A Report for the United States Fish and Wildl i fe 
Service Washington D. C. and National Sea Grant Col lege Program, Connect icut 
Sea Grant , N T I S report no. PB96-166525 . 
109 
Cohen, A. N. , and J. T. Carlton. 1997. Transoceanic transport mechanisms: introduction 
of the Chinese mit ten crab, Eriocheir sinensis, to California. Pacif ic Science 51: 
1 - 1 1 . 
Collins, T. M.，K. Frazer, A. R. Palmer, G. J. Vermei j , and W. M. Brown. 1996. 
Evolut ionary history of northern hemisphere Nucella (Gastropoda, Muricidae) : 
molecular , morphological , ecological , and paleontological evidence. Evolut ion 50: 
2287-2304. 
Cunningham, C. W., N. W. Blackstone, and L. W. Buss. 1992. Evolut ion of king crabs 
f r o m hermit crab ancestors. Nature 355: 539-542. 
Dai, A. Y. 1991. Studies on the subspecies differant iat ion of the genus Eriocheir 
(Decapoda: Brachyura) . Scientif ic Treatise on Systematic and Evolut ionary 
Zoology 1: 61-71. (In Chinese). 
Dai , A. Y.，and S. L. Yang. 1991. Crabs of the China Seas. Beij ing, China Ocean Press. 
Pp 521-524. 
Folmer , O., M. Black, W. Hoeh, R. Liitz, and R. Vri jenhoek. 1994. D N A pr imers for 
ampl i f ica t ion of mitochondrial cy tochrome c oxidase subunit I f rom diverse 
metazoan invertebrates. Molecular Mar ine Biology and Biotechnology 3: 294-299. 
Gao, T. X., and S. Watanabe . 1998. Genet ic variat ion among local popula t ions of the 
Japanese mit ten crab Eriocheir japonica de Haan. Fishery Science 64: 198-205. 
Gao, T. X., X. M. Zhang , G. Yoshizaki , and S. Watanabe. 2000. Study on mitochondria l 
D N A sequences of Japanese mit ten crab, Eriocheir japonica. I. 12S r R N A . 
Journal of Ocean Universi ty of Qingdao 30: 43-47. (In Chinese) . 
110 
Gao, Z. Q.，and K. Y. Zhou. 1998. Genet ic variation of the Chinese mit ten-handed crab 
{Eriocheir sinensis) populat ions detected by R A P D analysis. Chinese Biodiversi ty 
6: 186-190. (In Chinese). 
Garcia, D. K., M. A. Faggart , L. Rhoades，A. A. Alcivar-Warren, J. A. Wyban , W. H. 
Carr, J. N. Sweeney, and K. M. Ebert . 1994. Genetic diversity of cultured 
PenaeiLs vannamei shr imp using three molecular genetic techniques. Molecular 
Mar ine Biology and Biotechnology 3: 270-280. 
Geller, J. B., E. D. Walton, E. D. Grosholz , and G. M. Ruiz. 1997. Cryptic invasions of 
the crab Carcinus detected by molecular phylogeography. Molecular Ecology 6: 
901-906. 
Gopurenko , D., J. M. Hughes , and C. P. Keenan. 1999. Mitochondrial D N A evidence for 
rapid colonisat ion of the Indo-Wesl Pacif ic by the mudcrab Scylla serrata. Mar ine 
Biology 134 :227-233 . 
Guo, J. Y., N. K. Ng, A. Y. Dai, and P. K. L. Ng. 1997. The t axonomy of three 
commerc ia l ly important species of mit ten crabs of the genus Eriocheir de Haan， 
1835 (Crustacea: Decapoda: Brachyura: Grapsidae) . The Raf f l es Bullet in of 
Zoo logy 45: 445-476. 
Harris , D. J., and K. A. Crandall . 2000. In t ragenomic variation within ITS l and ITS2 of 
f reshwater crayf ishes (Decapoda: Cambar idae) : Implicat ions for phylogenet ic and 
microsatel l i te studies. Molecular Biology and Evolut ion 17: 284-291. 
Harr ison, M. K., and B. J. Crespi. 1999a. Phylogenet ics of Cancer crabs (Crustacea: 
Decapoda : Brachyura) . Molecular Phylogenet ics and Evolut ion 12: 186-199. 
Harr ison, M. K., and B. J. Crespi. 1999b. A phylogenet ic test of ecomorpholog ica l 
adapta t ion in Cancer crabs. Evolut ion 53: 961-965. 
Ill 
Harrison, R. G. 1989. Animal mitochondrial D N A as a genetic marker in populat ion 
genetics and evolutionary biology. Trends in Ecology and Evolut ion 4： 6-11. 
Harvey, P. H.’ A. J. L. Brown, and J. M. Smith. 1996. N e w uses for new phylogenies . 
N e w York: Oxford University Press. 
Hedgecock , D., G. Li, M. A. Banks, and Z. Kain. 1999. Occurrence of the Ki imamoto 
oyster Crassostrea sikamea in the Ariake Sea, Japan. Mar ine Biology 133: 65-68. 
Hillis, D. M., B. K. Mable , and C. Moritz. 1996. Molecular Syslematics. Second edition. 
Sunderland: Massachuset ts : Sinauer Associates. 
Hoek，A. H. A. M., T. A. Van M e n , V. S. I. Sprakel, J. H. P. Hackstein, and G. D. Vogels . 
1998. Evolut ion of anaerobic ciliates f rom the gastrointestinal tract: phylogenet ic 
analysis of the r ibosomal repeat f rom Nyctolherus ovalis and its relatives. 
Molecular Biology and Evolut ion 15: 1195-1206. 
Huelsenbeck, J. P., J. J. Bull, and C. W. Cunningham. 1996. Combin ing data in 
phylogenet ic analysis. Trends in Ecology and Evolut ion 11: 152-158. 
Juan, C., K. M. Ibrahim, P. Oromi , and G. M. Hewitt . 1996. Mitochondria l D N A 
sequence variat ion and phylogeography of Pimelia darkl ing beetles on the Island 
• of Tener i fe (Canary Islands). Heredi ty 77: 589-598. 
Keenan , C. P., P. J. F. Davie, and D. L. Mann . 1998. A revision of the genus Scylla de 
Haan, 1833 (Crustacea: Decapoda: Brachyura: Portunidae) . The Raf f l es Bullet in 
of Zoo logy 4 6 : 2 1 7 - 2 4 5 
Kim, W. , and L. G. Abele . 1990. Molecular phylogeny of selected decapod crus taceans 
based on 18S r R N A nucleot ide sequences. Journal of Crustacean Biology 10: 1-
13. 
112 
Klinbiinga, S., D. J. Penman, B. J. McAndrew, and A. Tassanakajon . 1999. 
Mitochondria l D N A diversity in three populat ions of the giant tiger shr imp 
Penaeus monodon. Mar ine Biotechnology 1: 113-121. 
Knowl ton , N. , and L. A. Weigt. 1998. N e w dates and n e w rates for d ivergence across the 
Is thmus of Panama. Proceedings of the Royal Society of London Series B 
Biological Sciences 265: 2257-2263. 
Lake, J. A., and J. E. Moore . 1998. Phylogenet ic analysis and compara t ive genomics . 
Trends Guide to Bioinformatics . Pp 22-23. 
Lavery, S., T. Y. Chan, and K. II. Chu. Submitted. Phylogenet ics of the p rawn genus 
Penaeus s.l. derived f rom mitochondrial DNA. 
Li, G., Q. Shen, and Z. X. Xu. 1993. Morphomet r ic and biochemical genetic variat ion of 
the mit ten crab, Eriocheir, in southern China. Aquacul ture 111: 103-115. 
Liston, A., W. A. Robinson, and J. M. Oliphant. 1996. Length variation in the nuclear 
r ibosomal D N A internal transcribed spacer region of non- f lower ing seed plants. 
Systemat ic Botany 21: 109-120. 
Medina，M.，E. Weil , and A. M. Szmant . 1999. Examinat ion of the Montastraea 
. annularis species complex (Cnidaria: Scleractinia) using ITS and COI sequences . 
Mar ine Biotechnology 1: 89-97. 
Miller , B. R.，M. B. Crabtree, and H. M. Savage. 1996. Phylogeny of four teen Cidex 
mosqui to species, including the Culex pipiens complex , inferred f rom the internal 
t ranscribed spacers of r ibosomal D N A . Insect Molecular Biology 5： 93-107. 
113 
Monti , J. R., N. B. Chil ton, Z. Q. Bao, and R. B. Gasser. 1998. Specif ic amplif ical ion of 
Necator americamts or Ancylosloma duodenale D N A by PCR using markers in 
ITS-1 r D N A , and its implications. Molecular and Cellular Probes 12: 71-78. 
Mori tz , C.，T. E. Dowling , and W. W. Brown. 1987. Evolut ion of animal mitochondrial 
D N A : re levance for populat ion biology and systematics. Annual Rev iew of 
Ecology and Systematics 18: 269-292. 
Murphy , N . E.，and C. L. Goggin. 2000. Genet ic discrimination of ^V/ccw/m/W parasites 
(Cirripedia, Rhizocephala) : implicat ion for control of introduced green crabs 
{Carcinus maenas). Journal of Crustacean Biology 20: 153-157. 
Nelson, K , and D. Hedgecock. 1980. E n z y m e polymorphism and adapt ive strategy in the 
decapod Crustacea. Amer ican Naturalist 1 16: 238-280. 
Nepszy, S. J., and J. H. Leach. 1973. First records of the Chinese mitten crab, Eriocheir 
sinensis, (Crustacea: Brachyura) f rom North America . Journal of the Fisheries 
Research Board of Canada 30: 1909-1910. 
Ng, N. K., J. Y. Guo, and P. K. L. Ng. 1999. Genet ic aff ini t ies oi Eriocheir leptognathus 
and E. formosa with description of a n e w genus (Brachyura: Grapsidae: 
Varuninae) . Journal of Crustacean Biology 19： 154-170. 
Palumbi , S. R.，and J. Benzie. 1991. Large mitochondrial D N A di f fe rences be tween 
morphologica l ly similar penaeid shr imp. Molecular Mar ine Biology and 
Bio technology 1: 27-34. 
Panning, A. 1939. The Chinese mit ten crab. Report of the Board of Regen ts of the 
Smi thsonian Institution (Washington) 3508: 365-375. 
114 
Peters, N.，and A. Panning. 1936. A new invader. Journal of Animal Evolut ion 5: 188-
192. 
Posada, D., and K. A. Crandall . 1998. Modeltest : testing the model of D N A substitution. 
Bioinformat ics 14: 817-818. 
Qiu, T., R. H. Lu, C. M. Xiang, and J. Zhang. 1997. Studies on the genomic D N A genetic 
diversity in three populat ions of Eriocheir sinensis using R A P D . Freshwater 
Fishery 27: 3-6. (In Chinese). 
Saitou, N. , and M. Nei. 1987. The neighbour- joining method: a new method for 
reconstruct ing phylogenet ic trees. Molecular Biology and Evolut ion 10: 471-483. 
Sakai, T. 1983. Descript ion of new genera and species of Japanese crabs, together with 
systematical ly and biogeographical ly interesting species. Researches on Crustacea 
12: 3-23. 
Sarver, S. K., J. D. Si lberman, and P. J. Walsh. 1998. Mitochondrial D N A sequence 
evidence support ing recognit ion of two subspecies or species of the Flor ida spiny 
lobster Panulirus argus. Journal of Crustacean Biology 18: 177-186. 
Schneider-Broussard, R., D. L. Felder, C. A. Chlan, and J. E. Neigel . 1998. Tests of 
. phylogeographic models with nuclear and mitochondrial D N A sequence variat ion 
in the stone crabs, Menippe adina and Menippe mercenaria. Evolut ion 52: 1671-
1678. 
Schubart , C. D., R. Diesel, and S. B. Hedges . 1998. Rapid evolut ion to terrestrial life in 
Jamaican crabs. Nature 393: 363-365. 
115 
Schubart , C. D., J. E. Neigel , and D. L. Felder. 2000. Use of the mitochondrial 16S r R N A 
gene for phylogenet ic and populat ion studies of Crustacea. In J. C. Von Vaupel 
Klein, and F. R. Schram, eds., Crustacean Issues 12 The Biodiversity Crisis and 
Crustacea, Rot terdam, A.A. Balkema. Pp 817-837. 
Spears，T., and L. G. Abele. 1999. Phylogenet ic relationshipes of crustaceans with 
fol iaceous l imbs: an 18S r D N A study of Branchiopoda, Cephalocar ida, and 
Phyllocarida. Journal of Crustacean Biology 19: 825-843. 
Spears, T., L. G. Abele , and M. A. Applegate. 1994. Phylogenet ic study of cirr ipedes and 
selected relatives (Thecostraca) based on 18S r D N A sequence analysis. Journal of 
Crustacean Biology 14: 641-656. 
Spears, T., L. G. Abele , and W. Kim. 1992. The monophyly of brachyuran crabs: a 
phylogenet ic study based on 18S rRNA. Systematic Biology 41: 446-461. 
St impson, W. 1858. Prodromus descriptionis animal ium evertebratorum, quae in 
Expedi t ione ad Oceanum Paci f icum Septentr ionalem, a Republ ica Federata missa, 
Cadwaladaro Ringgold et Johanne Rodgers Diicibus, observavit et descripsit , pt. 5, 
Crustacea Ocypodoidea . Proceedings of the Academy of Natural Sciences of 
Phi ladelphia 10: 93-111. 
Swof fo rd , D. L. 2000. Phylogenet ic Analysis Using Pars imony (PAUP) , 4.0 beta version 
4, Smithsonian Institution, Washington D. C. 
Tam, Y. K., and K. H. Chu. 1993. Electrophoret ic study on the phylogenet ic relat ionships 
of some species of Penaeus and Metapenaeus (Decapoda: Penaeidae) f rom the 
South China Sea. Journal of Crustacean Biology 13: 697-705. 
116 
Tam，Y. K.，and I. Kornfield. 1998. Phylogenet ic relationships of clawed lobster genera 
(Decapoda: Nephropidae) based on mitochondrial 16S r R N A gene sequences. 
Journal of Crustacean Biology 18: 138-146. 
Tam, Y. K.，I. Kornf ie ld , and F. P. Ojeda. 1996. Divergence and zoogeography of mole 
crabs, Emerita spp. (Decapoda: Hippidae) , in the Americas . Marine Biology 125: 
489-497. 
Toiig，J. G.，T. Y. Chan, and K. H. Chu. 2000. A prel iminary phylogenet ic analysis of 
Metapenaeopsis (Decapoda: Penaeidae) based on mitochondrial D N A sequences 
of selected species f rom the Indo-West pacific. Journal of Crustacean Biology 20: 
541-549. 
Van Syoc, R. J. 1994. Genet ic divergence between subpopulat ions of the eastern Pacif ic 
goose barnacle Pollicipes elegam: mitochondrial cy tochrome c subunit I 
nucleot ide sequences. Molecular Mar ine Biology and Biotechnology 3: 338-346. 
Vane, W. R. I.，D. C. Raheeni , A. Cieslak, and A. P. Vogler. 1999. Evolut ion of the 
mimet ic afr ican swallowtail butterfly Papilio dardanus: molecular data conf i rm 
relat ionships with P. phorcas and P. constantinus. Biological Journal of the 
Linnean Society 66: 215-229. 
Wols tenholme, D. R. 1992. Animal mitochondrial D N A : structure and evolut ion. 
International Rev iew of Cytology 141: 173-216. 
Xie，H., R. H. Lu, C. M. Xiang, J. Zhang, and T. Qiu. 1999. Studies on the relat ionship of 
three kinds of mit ten crabs using R A P D technique. Acta Hydrobio logica Sinica 
23: 120-125. (In Chinese). 
117 
Xu, J. W. 1996. Biochemical genetic variations of Chinese mitten crab {Eriocheir 
sinensis) f rom Changj iang, Liaohe and Ouj iang rivers. M. Sc. thesis of Shanghai 
Fisheries Universi ty, Shanghai . (In Chinese) 
Xu，J. W., and S. F. Li. 1996. Isozyme analysis of Eriocheir sinensis and other four 
species f rom the same family in the river mouth of the Yangtze River. Fishery 
Technology N e w s 23: 159-162. (In Chinese) 
Zarlenga, D. S.，E. P. Hoberg, and F. Str ingfel low. 1998. Compar i sons of two 
po lymorphic species of Osterlagia and phylogenet ic relat ionships within the 
Ostertagi inae (Nematoda: Trichostrongyloidea) inferred f rom r ibosomal D N A 
repeat and mitochondrial D N A sequences. Journal of Parasi tology 84: 806-812. 
Zhuo, L., S. L. Sajdak, and R. B. Phillips. 1994. Minimal intraspecific variat ion in the 
sequence of the transcribed spacer regions of the r ibosomal D N A of lake trout 
{Salvelinus namaycush). G e n o m e 37: 664-671. 
118 
‘ 〜卜：....:..‘:::、.-,. .• V.i V- a'. -Js. . ： J V i;. 
TEbTiSEDO 
_1圓_1丨11 S3i_jejqn 洲门：） 
